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INTRODUCTION 

The Great Canadian Oil Sands plant for recovery and upgrading of bitumen from Atha- 
basca Tar  Sands officially opened on September 30, 1967. This opening ceremony represented 
the climax of many years of experimentation, design, construction, and start-up effort that 
at its peak utilized the services of 2500 people. Some key dates leading up to  the event were: 

1953 - Great Canadian Oil Sands Limited organized. 
1960 - Initial attempt to obtain permission to develop the Athabasca tar sands. Action 

1962 - Approval granted (2) by the Oil and Gas Conservation Board for a plant to recover 

1963 - Detailed engineering work underway. 

deferred (1) by the Alberta Oil and Gas Conservation Board until 1962. 

31,500 barrels  per  day of synthetic crude. 
Construction and operation of an experi- 

mental plant 20 miles north of Fort  McMurray, Alberta on the west bank of the 
Athabasca River. 

barrels per day. Began construction work on the commercial plant. 

pleted work in the experimental plant. 

1964 - Approval granted (3) for an increase in the design capacity or the plant to 45,000 

1965 - Completed road and bridge connecting the plant site with Fort McMurray. Com- 

1966 - Engineering work completed. Construction effort reached its peak. 
1967 - Completed construction. Plant start-up. Official opening ceremony. 
Some of the design and development problems encountered have been the subject of 

1. 

2. 

3. 

recent papers. For example: 
. Discussions of problems encountered in the development of the hot water process 

a s  utilized by G. C. 0. S. , including a description of the test plant (4,5). 
A discussion of the overall commercial plant flow sheet, material and energy 
balances, and scale-up problems (5). 
A geological description of the area to be mined by G. C.O.S., with emphasis 
on the unusual geological exploration problems encountered and how they were 
overcome (6). 
A discussion of the properties and processing characteristics of synthetic crude 
bil produced from Athabasca bitumen in  a pilot scale simulation of the G. C. 0. S. 
plant (7). 

4. 

W e  wish to build on the background developed in these papers and discuss the commercial 
plant performance, but f i rs t  let us take a brief look at the plant itself. Figure 1 shows the plant 
location in Northeastern Alberta, 20 miles north of Fort McMurray and 270 miles north of 
Edmonton. Toronto is 1700 miles to the southeast, Salt Lake City 1100 miles directly south, and 
Seattle 800 miles.to the Southwest. 

Figure 2 is an aerial view of the project. The tar sand mining area is in the background, 
facilities for extracting bitumen from the tar  sand a r e  to the left r e a r ,  and process units for 
upgrading bitumen to synthetic crude are in the center. 

Figures 3 through 7 show a ser ies  of plant scenes in the same order a s  the plant operating 
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sequence. Firs t  the overburden layer i s  removed (Figure 3) to expose the ore  body. Bucket- 
wheel excavators (Figure 4) mine the tar sand and transfer it to a series of belt conveyors 
(Figure 5). These conveyors discharge at the extraction plant (Figure 6) where bitumen is 
separated in a two stage extraction. Bitumen is then upgraded to synthetic crude oil by coking 
and hydrorefining (Figure 7). 

Some essential auxiliary steps in the plant complex are: 
1. 
2 .  Hydrogen production. 
3. Sulfur recovery. 
4. Steam and power generation. 
5. Water treating. 
Figure 8 (5) shows in more detail how all of these operations are  integrated to produce 

synthetic crude oil from tar sands at the rate  of 45,000 barrels  per calender day. 
Before turning our attention to the performance details of the GCOS plant we would like 

to mention that this report was prepared in October, 1967 and is based on observations during 
the startup period (July, August, and September, 1967). Therefore, our data and conclusions 
should be interpreted a s  a progress report and not as  a final technical evaluation. 

Disposal of the sand tailings from the extraction plant operation. 

RESULTS AND DISCUSSION 

The G .  C.O. S. mine is one of the largest open pit operations in North America in terms 
of daily tonnage. To produce 45,000 barrels per calender day of synthetic crude oil requires, 
on the average, 97,500 tons of tar sand per calender day. About 0.5 tons of overburden per 
ton of ta r  sand must be removed to expose the ore  body. This means about 3.3 tons of ore  plus 
overburden must be handled to produce a barrel  of synthetic crude oil. 

Overburden removal is accomplished by using both scrapers  and a power shovel - truck 
combination. This operation is about 1 year ahead of the mining, so, on a short term basis, i t  
is not critically related to daily production. The total overburden that must be moved averages 
12 million cubic yards per  year. 

theoretical capacity of 9 ,000  tons per  hour and nominal average capacity rating of 5,500 tons 
per  hour. This equipment is relatively new to the North American mining scene, although it 
has been extensively used in Europe, for instance in German brown coal operations. 

experience with the bucketwheel excavators has varied widely. Operation at  up to 8,000 tons 
per  hour per  wheel h a s  been demonstrated. On the other hand, occasional rock seams reduce 
the quantity that can be  mined. 

Tar  sand from the excavator is moved to the plant by a ser ies  of belt conveyors. Al- 
though belt conveyors have been widely used in other mine operations, there a r e  some new 
problems peculiar to the handling of tar sand. An ear l ier  paper (4) discussed the problem of 
tar  sand sticking to the conveyor belt as noted during the operation of the G .  C. 0. S. test plant 
(1963-65). In inital operation this proved to be a t  least a s  bad a s  expected, if not worse. Not 
only did the accumulated tar  sand cause unbalanced loads resulting in belt training problems; 
it caused considerable wear on tension pulleys, idlers, and belt scrapers because of the abrasive 
nature of the material. W e  made a number of modifications to the system that, while not a com- 
plete solution, reduced the problem to a tolerable level. Cleanup of ta r  sand spills around the 
conveyor system is an expensive nuisance. 

have caused some mechanical damage. This damage consisted of both broken impact idlers 
at the transfer points in the conveyor system and holes punched in the belt itself. Replacement 
of the impact idlers with larger, heavy duty units substantially reduced this problem. Belt 
repairs still  consume maintenance manpower, and when the damage is too extensive to repair 
during normal shutdowns, contribute to lost production time. 

In addition to the mechanical problems associated with~mining, the nature of the ore body 
creates problems in mine planning. On the average, i t  takes 2 . 2  tons of tar sand to produce one 
barrel  of synthetic crude oil. However, this can vary from 1.5 to 4 .0  tons per barrel  depending 
on the bitumen content of the tar sand. Similarly, the fines content (through 325 mesh) of the 
o r e  body varies so  that the fresh water requirement in the extraction process can vary between 
25 to 300 gallons per ton of tar sand. In turn, this causes a shift in steam demand. Maintain- 
ing S t & k  Cpei-atiiig ooiiditions in  the extriction p lan t ,  smooth power plant operation, and a 
steady flow of bitumen to the process units requires close attention to the nature of the ore  body. 

Tar  sand is mined using two crawler mounted bucketwheel excavators, each with a 

Because of the non-homogenous nature of the tar sand deposit, G. C. 0. S. operating 

Abnormal loads imposed on the conveyor system by rocks and large lumps of tar sand 
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Bitumen Extraction 

traction plant. A s  the first step in the extraction process, t a r  sand, caustic, and water a r e  
mixed and heated to 170 - 190°F with open steam. This operation i s  carried out i n  rotating 
"conditioning" drums similar in  mechanical configuration to rotary kilns or rotary steam tube 
driers. The conditioned pulp is screened to separate rocks and lumps of unconditioned ta r  sand. 
After the addition of enough fresh and/or recycle water to convert the screened pulp to a pump- 
able slurry, the screen undersize is transferred to separation cells. Here an oi l  rich emulsion 
of bitumen, fine mineral, and water r ises  to surface and overflows into a froth collection system. 
Sand settles to the bottom and is discharged by a rake mechanism similar to that used in thick- 
eners. Excess water is withdrawn a s  a "middlings" s t ream from the center of the separation 
cells. Par t  of the middlings i s  recycled to dilute the screen undersize and the res t  is processed 
through air flotation scavenging cells to recover additional bitumen. Froth from the scavenger 
cells is an unstable water-rich emulsion of bitumen, fine mineral, and water that, upon settling, 
will break down into a bitumen-rich emulsion similar to that produced in the separation cells 
and a bottoms layer of about the same composition a s  middlings. Settler tailings are Kecycled 
to extinction and the settled scavenger froth is combined with the separation cell froth. This 
combined froth, s t i l l  containing substantial quantities of fine mineral matter and water, is the 
product from the primary extraction step. Pr imary extraction tailings a re  diluted with cold 
water and pumped to the tailings disposal area.  

processing into synthetic crude, i t  is heated to 190 - 200°F with open steam, diluted with naphtha 
to reduce the viscosity and density of the hydrocarbon phase, and centrifuged. 

T a r  sand discharges from the mine conveyor system into feed bins in the primary ex- 

To upgrade the froth from the primary extraction step so that it will be suitable for 

Figure 9 ( 5 )  shows these steps schematically. 
In the commercial plant, there are: 
1. A four-compartment feed bin. 
2. Four conditioning drums. 
3. Four vibrating screens. 
4. Four separation cells. 
5. Thirty-six air flotation cells. 
6. Two scavenger froth settlers. 
7. Forty centrifuges. 

To compensate for feed variations, these units a r e  sized so  that three-fourths of the installed 
equipment can handle the nominal capacity. 

Many aspects of this approach to the recovery of bitumen from tar  sand have been the 
subject of considerable research and small-scale plant operation over the past 30 years (8,9,10, 
11). However, this early work did not supply sufficient information on the basic mechanism of 
the separation process to permit design of the G. C. 0. S. plant without additional laboratory and 
pilot plant study (5). 

a theoretically reasonable process model and then empirically fitting the experimental data to 
define the constants and coefficients that would give a statistically sound representation of the 
relationship between equipment size and design, feed stock characterization, and process per- 
formance. Our interest a t  this time is in how well these design correlations represent commer- 
cial plant performance: 

The commercial plant equipment design correlations were derived by f i rs t  establishing 

1. Bitumen r e c o v e q  - There a r e  four streams leaving the extraction plant that con- 
tribute to bitumen losses. These are: screen oversize, separation cell tailings, scavenger 
cell tailings, and centrifuge tailings. Table 1 compares plant measured losses with expected 
losses calculated from the design correlations. 

Overall, the commercial plant gives about the recovery we expected from pilot 
plant performance. The only difference of any substance i s  in the screen oversize loss, and 
note that we did not have a very precise prediction for this value. Reference ( 5 )  discusses 
this point in considerable detail. Briefly, this is the story. Screen oversize results from tar 
sand lumps not broken down in the conditioning drum. The two most important factors affecting 
this breakdown of lumps are  the rate of heat transfer in the conditioning drum and the feed lump 
size distribution. For our predictions, we were f a r  from certain what the feed lump size would 
be. 
will change the heat transfer characteristics of the systcm. Consequently, we still do not have 
a uuiiipkte pichre of \irhnt the werage year-round oversize loss will be. 

Table 1 is based on averaged values for a number of steady-state operating cases. 
Figures 10 and 11 show in more detail operating data on the bitumen distribution in the separation 

Furthermore, during winter operation some of the tar sand lumps will be frozen and this 
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cells and scavenger cells for these cases. Note the variations in the expected values. The 
principal reasons for this are  variations in feed bitumen content, feed fines content, and feed 
fines to fresh water ratio. 

TABLE 1 

EXTRACTION PLANT BITUMEN DISTRIBUTION (7,8/67) 

Basis: a. Average bitumen i n  t a r  sand = 11.8 w t . %  

f rac t ion  = 20.1 w t . %  

- 
b. Average C325 mesh f ines  i n  the t a r  sand mineral 

C.  Average water input = 0.58 tons  per ton of  t a r  sand 
d .  Average operating temperature = 185'F 

LOSSES 

Screen oversize 
Separation c e l l  t a i l i n g s  
Scavenger c e l l  t a i l i n g s  
Final extract ion t a i l i n g s  

PRODUCT 

WT.% OF BITUEIEN I N  TAR SAND 

Measured Expected 

0.1 
8 . 3  
1 .6  
2 . 2  

87.9 

0.5 to 3 . 0  
7.9 
2 . 0  
1.8 1. 

87.8 to  8 5 . 3  

A s  feed bitumen content varies the loss to separation cell tailings, expressed a s  
per  cent of the feed bitumen, var ies  inversely because this loss is (approfimately) constant per 
ton of tar  sand. As'feed fines vary at a fixed fines to water ratio, the volume of middlings 
changes in direct proportion without much change in middlings composition. Thus more o r  less 
bitumen leaves the separation cell in the middlings stream. In a similar manner, a change in 
the fines to water ratio affects the bitumen leaving the separation cell in  the middlings, but the 
relationship is more complex because this also changes middlings composition. Ideally, the 
process should be operated at a maximum fines to water ratio as discussed in (5) but during 
startup this wasn't always possible. 

time (5). Thus any changes in the separation cell that affect middlings rate  would have a n  in- 
verse  effect on scavenger froth yield. We've had some indication that bitumen concentration in 
the middlings stream should be a parameter, but this relationship hasn't been fully developed. 

Within practical operating limits, we expected the final extraction plant bitumen 
losses to be a fixed percentage of the final extraction plant feed, so the only variation in relating 
this loss back to bitumen in tar sand is a slight correction for changes in primary extraction 
recovery. We don't consider the small difference between the measured and expected values 
significant. Our test plant data, used a s  a basis for the expected loss had a standard deviation 
of 2 1% and the standard deviation of the individual values that make up the average measured 
plant loss is 5 1.6%. 

plant froth was richer in bitumen than expected: 

Our predictions of bitumen distribution in the scavenger cells a r e  based on residence 

2. Primary Extraction Plant Froth Composition: On the average, the primary extraction 

TABLE 2 

FROTH CONPOSITION ( 7 , 8 / 6 7 )  

Basis: Same a s  Table 1. - 
Actual (Wt.%) Expected (Wt.%) 

Bitumen 5 7 . 3  45.9 

Mineral 6.5 9.3 

Water 3 6 . 2  44.8 
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W e  do not know why the commercial plant produces this better quality froth. Figure 
12 shows the individual data points that make up the average value, from the same operation as 

variation in the froth composition. What small differences we did expect were related to the 
bitumen and fines content of the tar sand. In addition to a better average composition in the com- 
mercial plant product, there is a much wider variation. 

3. Final Extraction Plant Product Composition - Even after the two stage centrifuge 
operation, the product contains some fine mineral matter and water. It is desirable to minimize 
these. Residual mineral is concentrated in  coke produced in subsequent processing. This coke 
is the primary source of plant fuel, and excessive mineral makes it more difficult to pulverize 
and increases furnace ash. Residual water must be vaporized in subsequent processing so  mini- 

shows a comparison of plant product mineral and water contents versus what we expected at 
these operating conditions from our pilot plant work. The actual mineral content is lower than 
we expected by a factor of about 2. On the other hand, the product water content is high by about 
the same factor. W e  don't know why the mineral content is better, but subsequent to this study 
we did find the product water content could be improved by modifying the second stage centrifuge 
internals to get more even feed distribution. After this modification, we observed water con- 
tents in the 5 to 10 per cent range rather than the 10 to 15 per cent shown here. We would like 
to get to 5 per cent maximum water in the centrifuged product. 

the bitumen distribution values already discussed. Note that we did not expect a great deal of ,I 

\ 
mizing the water content of the product saves heat and reduces foaming problems. Figure 13 .r 

7 

r 

Tailings Disposal - Tailings from the primary and final extraction plants a re  pumpea as 
a water slurry to a 700 acre diked tailings pond. Water is recovered from the pond and re- 
circulated through the primary extraction plant. Operation has not progressed far enough to 
permit evaluation. 

cy of the rich tar sand ( >13% bitumen) to cause bridging in the feed bin. To a lesser degree, 
plant conveyors have encountered many of the same problems as  the mine conveyors. Erosion 
is always a problem handling this type of material; consequently, metal wear plates or elastomer 
liners in critical areas were  part of the original design. In some cases, i t  has been necessary 
to build up the original wearing surfaces or change to alternate materials. 

210°F) oil diluted with light hydr.ocarbon so it can be pumped and stored in  tanks,. The work 
discussed so f a r ,  starting with mining and continuing through both extraction stages, is an 
adaptation of mine - ore mill technology. To upgrade this product to a suitable substitute for 
conventional crude oil requires further processing based on petroleum refining technology. 

Upmadlag Bitumen to Synthetic Crude Oil 
The diluted bitumen product from the final extraction step is upgraded to synthetic crude 

oil by first separating the light naphtha diluent, then coking the bitumen, and finally hydrorefin- 
ing the coker distillate fractions. In addition to the finished synthetic crude, these operations 
also yield coke for power plant fuel, gas for hydrogen plant feed and furnace fuel, supplementary 
fuel oil 88 required, make-up diluent for the final extraction plant, and hydrogen sulfide which 
is further processed to recover elemental sulfur. 

This unit closely resembles a conventional crude oil distillation system. Diluent is recovered 
a s  an overhead product and returned to storage for recycle through the final extraction plant. 
Bitumen is recovered a s  the bottoms product. The capacity of the system is 135,000 barrels of 
combined diluent and bitumen per stream day. 

In passing ulrough these furnaces, the temperature is raised to 900 - SlOOF to initiate thermal 
cracking. From the furnaces, the bitumen discharges into delayed cokers. Coke accumulates 
until a drum is filled. Then that drum is cooled down, steamed to strip out residual hydrocarbon 
vapors, the coke dumped, and the drum preheated to prepare it for the next cycle. During the 
filling cycle, the hydrocarbon vapor products a re  continuously withdrawn. To provide a contin- 
uous flow of coker vapor product, three furnaces and three pairs of 26 foot diameter coke drums 
a r e  used. At m y  given time, three drums (one for each furnace) a r e  taking feed, one is cooling 
down, one is discharging coke, and one is being preheated. 

Vapor from the coker is processed through a fractionating tower to separate it into wet 
gas, unstabilized naphtha (375'F end point), kerosene (375°F - 500°F), gas oil (500'F to 850°F), 
and bottoms (850°F+). The wet gas and naphtha fractions a re  further processed in  a gas plant 

@ V e  a C3 and lighter gas  for plant fuel and hydrogen production, a C4 fraction which can be 

Mechanical problems - One of the major mechanical problems so far has been the tenden- 

At this point in the process, w e  have a s  a product a heavy (8"APl) viscous (500 SSU at 

From intermediate storage, the diluted bitumen is charged to the diluent recovery system. 

Bottoms from diluent recovery are fed to the coker furnaces at approximately 50VF. 
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used a s  supplementary fuel or blended into synthetic crude to control its vapor pressure, and 
a stabilized C5 - 375°F naphtha fraction for hydrorefining to a synthetic crude component. The 
kerosine and gas oil fractions from the coker fractionator a re  fed directly to hydrorefining units 
for  upgrading to synthetic crude components. The heavy bottoms fraction can either be used for 
furnace fuel a s  needed or recycled through the cokers. 

The following outline is a brief summary of our experience with this portion of the 
G.C.O.S. plant. 

1. Diluent recovery - In our discussion of the final extraction plant, we briefly mentioned 
the problem with foaming resulting from excess water in the diluted bitumen. This foaming 
problem was exaggerated in our initial operation because of the tendency of the high water con- 
tent product to stratify in storage. In addition to the work in final extraction to reduce the total 
quantity of water, tank mixers were installed to minimize stratification. 

potential problems that we anticipated have not so f a r  materialized. We thought residual clay 
might create tube fouling problems in the coker furnaces. But after three months of operation, 
we inspected the tubes and found no significant buildup. Since then, there has  been no measur- 
able increase in furnace tube pressure drop. We were also concerned over the potential mechan- 
ical problems with the high pressure water jet system used for cutting coke because it had never 
been used in coke drums this large. However, except for one case of a water pump jammed by 
dirt from the water (we now use clarified water), this has not been a problem. The coke has 
contained more water than anticipated, thus increasing the draining and air drying time before 
i t  can be transferred to the power house bunkers, but this is not a serious problem. 

The only significant operating problem related to the design of the coker system is over- 
quenching in the bottom section of the coker fractionator. This has reduced the end point of the 
gas oil fraction and resulted in a loss of gas oil yield. Mechanical modifications a r e  planned 
on the f i rs t  opportunity and should correct this problem. 

2. - Initial operation of this unit has been most satisfactory, because several 

The following table compares expected and actual coker product distributions: 

TABLE 3 

COKER PRODUCT DISTRIBUTION (9/67) 

Measured 
Component w t  .% 

Gas (C4 6- l igh ter )  7.9 

Naphtha 1 2 . 7  

Kerosine 15.0 

Gas O i l  36.2 

Fuel O i l  6.0 

Coke . 22.2 

Expected 
w t  .% 

8 . 3  

1 2 . 1  

10.0 

41.4 

4.2 

22.7 

The discrepency in gas oil yield is a reflection of the fractionator problem we just discussed. 
The excessive recycle tliat results contributes to increased kerosine yield by overcracking. The 
remaining kerosine comes from high end point naphtha that was used a s  the initial diluent in- 
ventory. Par t  of this material was not recovered in the diluent recovery system, thus showing 
up in the coker product. 

3. Hydrorefining - Processing problems were minimal a t  startup. However, we did 
have a number of mechanical problems. Perfecting the seal oil system for the hydrogen re-  
cycle and booster compressors was a major one that has since been overcome. 

Table 4 shows inspection data on hydrorefined synthetic crude components. The com- 
posite synthetic crude from a blend of these components is shown in Table 5 ,  along with com- 
parable data on pilot plant product (7). The principal differences are  the low end point and the 
greater quantity of material in the 375 - 500'F boiling range that a r e  results of the distillation 
problem we discussed earlier. When this is resolved, we think the products will be comparable. 
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TABLE 4 

HYDROREFINED SYNTHETIC CRUDE COPPONENTS (9/67) 

NAPHTHA KEROSINE GAS OIL 
commercial P i lo t  Conunercial P i l o t  Commercial p i l o t  

P l an t  ~ ~ a n t ( 7 )  Plant  Plant(-7) Plant  ~ ~ a n t ( 7 )  

API Gravity @ 60°F 

D i s t i l l a t i o n  (D-86) 
IBP 
5 
10 
30 
50 
70 
90 
9 5  
EP 

Aromatics, vol.% 

Sulfur,  ppm 
Yield, vo le% of 

synthet ic  crude 

55.3 

162 
194 
206 
238 
278 
316 
369 
396 
462 

15 

30.8 

50.9 38.6 39.7 27.5 

174 
260 
274 
282 
296 
310 
334 
3 4 4 
366 

18 

50 

3 58 
385 
398 
418 
438 
460 
496 
513 
533 

12.7 

50 

388 
398 
402 
411 
415 
423 
433 
448 
468 

13.8 

50 

498 
526 
540 
568 
588 
615 
675 
706 
715 

25.3 
410 

30.6 27.2 19.0 42.0 

28.7 

499 
512 
522 
561 
611 
655 
740 
785 
869 

29.8 

800 

50.4 

TABLE 5 

G.C.O.S. SYNTHETIC CRUDE (9/67) 

I n i t i a l  P i l o t  
Commercial Plant  
Production Product 

Gravity, 'AFT 38.3 37.6 

D i s t i l l a t i o n  
IBP 
5% 
10% 
30% 
50% 
70% 
90% 
95% 
EP 

(D-86) 
162 
221 
254 
408 
507 
588 
615 
675 
715 

210* 
277 
300 
319 
386 
5 74 
688 
738 
833 

Su l fu r ,  w t . %  .022 .030 

* Pilot plant product was stabilized to c6+, but commercial plant product is C5+. In preparing 
the pilot plant sample approximately 5 vol. % of a 174°F to 210°F fraction was stripped off. There 
isn ' t  any rea l  difference in the front end. 

Hydrogen Production 

95.0% H2.  Residual sulfur is removed by caustic washing, then the coker gas passes over a 
cobalt molybdenum catalyst in order to saturate olefins and convert mercaptans to hydrogen sul- 
fide. This H2S is then removed by passage through a zinc oxide bed at 700°F. The gas is then 
mixed with steam and passed over the reforming catalyst a t  furnace outlet conditions of 1525°F 
and 300 PSIG. The gas is quenched and then passed through high and low temperature shift 
converters. Carbon dioxide is removed by absorption in  a promoted potassium carbonate solution. 

in  the system, but once these were corrected the unit performed well. Recently, the hydrogen 
p h i  Siijelatiuii was changed to plant gas, but we do not have any performance data yet. 

Amine treated coker dry gas is used a s  raw material for production of 63.5 mm CFD of 

The hydrogen plant was started up on natural gas. There were some problems with leaks 
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Sulfur Production 

hydrogen sulfide. The recovered H2S is converted to sulfur in a conventional two stage oxida- 
tion plant. Little contamination of amine solution by carbonyl sulfide has been observed. Fil- 
tering and reclaiming facilities a r e  used to maintain a clean amine system. 

Utilities 
The powerhouse provides all utilities for the project. Three coke fired boilers supply 

2 , 2 5 0 , 0 0 0  pounds per hour of steam at 800 PSIG and 750°F. This steam i s  exhausted through 
two turbo-generators with a combined capacity of 7 6 , 5 0 0  KVA a t  13.8 KV. Steam i s  extracted 
at  425 PSIG and exhausted at 50 PSIG. The higher pressure steam is used to power turbine 
drives in the powerhouse and refinery. The 5 0  PSIG steam is used primarily in the extraction 

off gases from the coker and hydrorefiners a r e  treated with monoethanolamine to remove 

plant. 
The major initial operating problems were excessive superheating of the steam, creating 

metallurgical problems with steam piping, and fouling of boiler tubes on the fire side. Removal 
of some superheat tube surface eliminated the first problems. Installation of soot blowers and 
reduction of the ball load in the coke pulverizers to avoid over grinding coke reduced tube foul- 
ing. Control of the turbo-generators is a continuing problem, because many of the plant electri- 
cal loads a re  intermittent. For example, when a bucketwheel excavator completes a cut and 
s tar ts  repositioning itself power demand drops substantially and, the powerhouse must adjust 
to handle the reduced load. In a s  little a s  five or ten minutes, when the bucketwheel is re- 
positioned, it must shift again to pick up the load. 

filters and ion exchange. It is the largest boiler feed water plant in Canada and i t  can maintain 
total make-up to the boilers if required. The rather elaborate water treating facilities a r e  
necessary because at times the Athabasca River contains up to 2 , 5 0 0  ppm turbidity and suh- 
stantial quantities of silica that the high pressure boilers cannot accommodate. 
operated satisfactorily. 

Overall Process Evaluation 
A s  we noted in our earlier remarks, it is too early for a complete technical evaluation 

of the G. C.O.S. plant. However, we do feel that this preliminary look shows that the basic 
process conccpts a re  sound. Thc hot water extraction process had been demonstrated only a t  
a hundred-fold smaller scale. The scaled up version performs about as expected. Coking and 
hydrorefining had never been applied to bitumen and products derived from bitumen except in 
pilot plant equipment. These also perform about as  expected. What we cannot adequately eval- 
uate is the long term mechanical reliability of these processing schemes. We've noted the 
major mechanical problems encountered so far ,  some apparently solved and others we still 
have. It will probably take many months, perhaps even a year or  two, for a definitive mechan- 
ical evaluation to take shape. 

Water treatment facilities for boiler feed water consists of a clarifier, hot lime reactors, 

This unit has 
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HOT WATER PROCESSING OF ATHABASCA OIL SANDS: 
I. OIL FLOTATION IN A STIRRED REACTOR 

BY 

Walter H. Seitzer 
Sun Oil Company, Research and Development Division, Marcus Hook, Pennsylvania 

The laboratory separation of bitumen from Athabasca oil tar sands in hot water, was re- 
ported by Clark and Pasternak nearly four decades ago (1). The apparatus was large, requiring 
17 pounds of ta r  sands per run. Later modifications required batches of 6. 5 kilograms of sand 
(2,3,4). Even with the large size, these devices were able to separate only 75-85% of the bi- 
tumen from the good ta r  sands and less  than 50% from sands containing higher amounts of clay. 
In order to recover more oil, the suspension of clay in water has to be passed into an air flota- 
tion cell (5). 

purposes (6). A s  we used i t ,  the method is to hand-stir the sands-water mixture (pulp) in a 
beaker over a steam bath and to add this pulp with agitation into hot water a t  85°C. After the 
s t i r r e r  i s  stopped, the oil froth which r i ses  to the surface is scraped off. This method can give 
good froth yields from choice samples of oil sands (14-16% bitumen) but the yields drop to 30-50% 
from ordinary "good" grade sands (10-12% bitumen). From sands containing high amounts of 
fines (mineral (325 microns in size) yields drop to 10% or less  of the bitumen recovered as froth. 

In order to investigate the chemistry of the hot water separation, w e  needed a laboratory 
technique which would give high yields from a wide range of tar sands and preferably from small 
samples. Also, the method should be a s  simple a s  possible to enable u s  to arrive at  an un- 
equivocal explanation of the phenomenon. The key to such a method proved to be proper agitation 
of the pulp, the tar  sands-water mixture containing about 20% water. 

A very simple technique was also employed by Clark and coworkers for  denionstration 

EXPERIMENTAL 

The reactor was an electrically heated steel reactor, cylindrical with a round bottom, 
3-l/8" inside diameter. The U-shaped impeller 2-5/8" diameter, 1/4" wide, and 1-1/2" high 
was positioned at the bottom of the reactor to give 1/4" clearance from the wall of the reactor. 
For speeds up to 350 rpm, the agitator was driven by a laboratory electronic stirrer motor 
through chain-and-sprocket linkage. At  higher speeds a direct drive through a Jacobs chuck was 
used. The temperature of the reactor was controlled at  8 5 T .  automatically and monitored 
continuously by thermocouples. 

In the normal procedure, 200 grams of tar sand were put into the heated reactor and the 
top bolted on. Hot water, enough to give a pulp containing 80% tar sand (dry basis) was then 
forced into the reactor. Enough sodium hydroxide was dissolved in the water to give a pulp 
having a pH of 8.2. After the material was s t i r red for 20 minutes, water a t  85'C. was intro- 
duced to dilute down to 35% tar sand. The agitation was continued at about 50 rpm for ten minutes 
after which the reactor was dissembled and the froth scraped with a spatula. The watery layer 
was removed with suction and the sand tailings were scooped out. A l l  fractions were weighed. 

The fractions were extracted with a 4:l mixture of benzene and methylethylbutene. Water 
was removed simultaneously by the Dean Stark technique. The extraction thimble was dried and 
weighed to calculate the mineral. To obtain the weight bitumen, the solvents were stripped from 
the extract. Water was determined by difference. The starting ta r  sand was similarly analyzed, 

All samples of ta r  sands were homogenized by forcing the sands through 1/4" acreen. To 
slow down their aging (e), the sands were refrigerated until used. 

RESULTS 

1 JE 
The f i rs t  variable studied was the effect of pH on yield of froth from high-clay tar sands. , 
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The data in Table show a maximum in yield around pH 8.2, similar to that found in  the pilot 
plant (5). As clay content increases, the yield becomes more sensitive to  pH. Also, increasing 
the clay decreases the oil yield from these sands conditioned at 350 rpm. 

Table I 

Tar Sand 

A 

%. 

8. 0 

A+25% 6.0 
Clay* 

A + 25% 
Clay* 

4.0 

Effect of pH on Oil Yield 
Pulp conditioned at 350 rpm 

mea/100 gm. sands 
NaOH Yield 

.31 7.6 39 

.62 8.1 68 

.94 8 .2  72 
1. 25 8.7 68 
0 6.9 0 

. 62 7.6 30 
1. 25 8 .0  62 
1. 88 8 . 4  53 
1. 25 7 .4  21 

1. 88 8.1 31 
2. 50 8 . 4  6 

% Mineral 
in DIT Oil 

14 
12 
12 
8 

21 
16 
18 
21 

24 
37 

*A brown clay picked from one of the clay lenses on the surface of the open pit mine. 

Stirrer Speed 

speed to  obtain high oi l  yields from sands containing low bitumen o r ,  equivalently, high clay. 
Changing the apparatus to direct drive gave us  capability to  extract 90% of the oil from all 
of the tar sands tested as can b e  seen in Table II. Here no effort was made to maximize the 
yield over 90%. Where effort was made to maximize yields, it was found that, as the speed 
of the s t i r r e r  was increased, the yield of froth went through a maximum and declined. In 
Figure 1 the maximum for 8% bitumen sands occurs at 500-600 rpm and shows appreciable 
diminution at  800-1000 rpm. Higher grade tar sands give m ~ i m u m  yields at lower rpm and 
appear to be less sensitive to high stirrer speeds. 

The above series of experiments also revealed the fact that 350 rpm was insufficient 

Table II 

T a r  Sand 

E 
C 
D 
E 
F 
G 
H 
F + 30% Clay 

Froth Yields 

% Total Oil - 
% Bitumen 350 rprn 500 rpm 

12.0 
11.6 
11.5 
11.2 
10.5 
9.1 
8.4 
7 . 5  

94 
89 
93 
92 
81,90 - 
84,87,93 - 
81 89,94 
80 99 

- 
- 
- 
- 

Type of I m p e w  
Sensitivity to s t i r r e r  speed suggests also that the oil yield should be sensitive to type of 

agitator. Early work in the laboratories had shown that neither the Waring Blendor nor ordinary 
laboratory impellers give good conditioning of the t a r  sands pulp. A study was made using flat- 
bladed turbine impellers made to standard specifications (7 ) .  Data from two turbines in Table 111 
shows that this type of impeller is inferior to the U-shaped paddle s t i r rer .  The double propeller 
with higher turhulence gives very low yields. Qualitatively, then, agitation causing high turbu- 
lence gives poor yields. This observation is supported by the rule of Rushton and Oldshue (8) 
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which states that flow rather than turbulence is favored in a process where the reaction rate  in- 
creases  with the ratio of impeller diameter to reactor diameter at constant power. By the form- 
ulas developed by Rushton and coworkers, the two turbines were using the same power at the 
speeds listed in Table ID. In our process, the yield increases at least up to a diameter ratio of 
about 0 .7  indicating a definite preference for flow rather than turbulence. 

Table III 

TvDe of Imueller 
F Sands + 30% Clay, 7.596 Bitumen 

Impeller R. P. m. 

2-5/8" U 520 99 
1-1/3" Turbine 1500 37 
2-1/8" Turbine 500-700 67-62 
Double Propeller 200* 18 

* Run in 2" I. D. Reactor. 

Other Variables 
(a) Conditioning Time 

Early investigations indicated that about 15 minute conditioning time was required to 
obtain maximum yields. Conditioning for longer times up to an hour had no effect on the yield. 
W e  standardized on 20 minutes in order to be safely out of a senrjtiva rzgion. It became apparent 
that two events took place during the conditioning. First ,  the pulp was heated to 85°C. and the 
reagent mixed in thoroughly. Second, the hot pulp was worked intd a condition enabling the oil 
to rise as a froth when the sands were diluted with water (flooded). 

(b) Flooding 
Following Clark's admonition (4), the flooding was carried out at low s t i r re r  speeds 

to prevent aeration with the accompanying increase in mineral in the froth. Early tests showed 
that this stirring had to be continued for about 10 minutes, otherwise oil would be trapped by the 
sand and not allowed to float. Merely stirring the sand with a spatula would free this oil from 
the sand. Work by others on similar apparatus (9) has shown that high-speed stirring during 
flooding actually diminishes froth yield. 

(c) A i r  Introduction 
The oil which does not float contains enough mineral to be heavier than water. One 

way to make this oil r ise  to the surface is to incorporate sufficient air to give bouyancy. There- 
fore,  improvement in yield could imply aeration. This was tested by introducing air into the 
bottom of the reactor under the s t i r re r  during the conditioning stage. The U-stirrer was operated 
at a lower speed in order to give some chance for yield increase by air. In fact, as is seen in 
Table IV, the air caused less  oil to froth using either the paddle or turbine s t i r re r .  It is thought 
that the froth yield was lowered because the formation of the air cavities in the pulp lowered the 
effectiveness of the agitation. 

Table IV 

A i r  Introauction 

Impeller R. D. m. - A i r  5 Yield Oil 

2-5/8" U 350 No 80 
Yes 72 

2-1/8" Turbine 550 No 67 
Y e8 49 

Instability of the pulp 
During some attempts to study other variations of hot water separation, the observation 

was made that the froth yield from some pulps decreased if the conditioned sands were allowed 
to stand before flooding. After standing for five minutes, pulps from good grades of tar sands 
6"- lLulLu -- 
for  five minutes without agitation causes a large decrease in froth yield. Furthermore, the 

-4..- I..,,ln ~" "_ dccrcaso k frcth. fie!&; but a!!owing the pulps from poorer grade sands to stand 
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effect is reversible. The phenomenon is examined in 
Table V. With this tar sand, the yield drops nearly in half after standing for five minutes but 
is  completely restored by restirring for five minutes. 

Table V 

Pulp Instability 
H Tar Sand, 8.4% Bitumen 

Reagitating the pulp restores  the yield. 

Conditioning Treatment 

550 rpm, 20 minutes. 
As above, then stop for minutes 
Stir 20 minutes, stop 5 minutes, 

stir 5 minutes 

% Oil Yield 

89 
52 
94 

DISCUSSION 

Agitation of ta r  sands pulp with the paddle s t i r re r  offers a laboratory method for separat- 
ing the oil from a wide range of tar sands in hot water. The procedure can be adapted to very 
small batch samples and requires no recycle or further treatment of any fraction. The yield can 
be adjusted simply by altering the s t i r re r  speed in order to test a variable which might improve 
the froth yield. We a r e  confident that high oil yields can be obtained from poor ta r  sands con- 
taining only 6% bitumen and perhaps even less .  

A great advantage of the technique i s  that the critical step -- conditioning -- is isolated 
and can be probed to achieve an understanding of why oil floats from tar  sands in hot water. 
laboratory process of Clark and coworkers (4) and the Great Canadian Oil Sands pilot plant (5) 
have a number of potentially interrelated steps including the recycle of the water-clay phase. 
Proper agitation of any of the various phases could be important to froth yield. I t  is most con- 
venient to be able to vary the froth yields by controlling the agitation in one known phase. 

Already just by studying a few of the obvious variables in conditioning, we can outline the 
requirements of frothable oil. The physics of the separation requires that, in order to float, the 
oil must be freed of most of the mineral and must contain enough air to make the particles less  
dense than water. Also, the particles must be larger than 30 microns diameter in order to 
float in the time allowed. One observable effect of increased clay in  ta r  sands is to make the 
particles of oil smaller. When the sands a r e  not conditioned properly these flecks remain in 
the water-clay layer (4). 

The work here shows that as the clay increases, the vigor of agitation required to con- 
dition the pulp increases. Thus, i t  does not seem likely that shearing oil particles into smaller 
fragments is an important function of conditioning. This conclusion is  born out by the fact that 
yields a re  not favored by the introduction of turbulence, a high shear phenomenon. The flotation 
mechanism is not ordinary a i r  flotation where particles of material cling to the face of an a i r  
bubble. Again, turbulence would be desirable for such flotation. The low shear kneading action 
of the agitation would favor either working mineral out of the oil o r  air into the oil. No choice 
can be made between these alternatives except to say that the existence of a rapid decay in yield 
with time in unagitated pulps would favor the air distribution because of superior mobility of 
gases over solids. Proof of this air distribution during conditioning of good grade oil sands is 
the subject of a report by other workers in this laboratory (9). 

The 
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HOT WATER PROCESSING OF ATHABASCA OIL SANDS: 
II. MICROSCOPE STUDIES OF THE CONDITIONING PROCESS 

BY 

Ear l  W. Malmberg and Roger M. Bean 
Sun Oil Company, Research and Engineering Division, Marcus Hook, Pennsylvania 

INTRODUCTION 

This paper will consider in detail conditioning, the initial step in the hot water extraction 
process for the Athabasca oil  sands. This te rm,  carried over from extractive metallurgy, refers 
to the step in which the raw ore  is converted to a form from which the desired fraction can be 
separated from tailings. Seitzer (1) has described experiments which showed the importance of 
vigorous mechanical working in producing excellent yields of froth even from grades of oil sand 
as low a s  6 percent oil. In this paper we will be concerned with the reason why this mechanical 
energy input procedure is so effective and if this information can be of help in understanding pro- 
cedures which a r e  more  amenable to scale-up, (for example, procedures using large-scale 
equipment more immediately available). From this view we had the following objectives: 

(a) We needed to understand the chemistry and physics of conditioning so that scale-up 
could be made with confidence. 

(b) A lower primary froth yield from conventional laboratory methods (2) as compared 
to the pilot plant must be improved o r  explained. 

(c) We needed procedures that were comparable in all  respects to large scale methods 
so that valid laboratory studies could be made on later steps in the process and on 
variations in the properties of oil sand samples. 

Most workers on Athabasca oil sands have, of course, made usc of the microscope (3). 

The need for some minimum 
Early studies in our laboratory were useful, for example, in demonstrating the pawerful surface 
forces that are operating in freeing the oil from sand palticles. 
amount of shear is easily shown. However, i t  was only with new techniques that we began to 
obtain fundamentally useful leads. 
the st irred reactor. We then developed a more generally applicable method of quick-freezing 
samples in the pulp matrix and examining cleavage surfaces. 

The first observations were made through the glass wall of 

Observations on Bitumen Morphology 
in the Stirred Reactor Under High-Energy Conditions 

The stirred reactor described by Seitzer (1) has the broad U-shaped blade passing within 
4 mm. of the glass wall of the reactor. As the st irring ra te  is stopped or slowed down, a wealth 
of interesting observations can be made at the glass interface on the size and shape of the bi- 
tumen particle and s ize  and distribution of a i r  bubbles. The controlling variables a r e  the quality 
of the oil sand and the amount of alkali. 

EXPERIMENTAL 

A Unitron low-power binocular microscope (range of magnification 5X to 9OX) with in- 
clined eye-pieces was removed from its normal stand and mounted horizontally on a heavy ad- 
justable frame such that it could be focused through the walls of the heating bath and reactor 
and onto the contents of the flask. Sharp focus was only possible when walls of bath and reactor 
were quite close together. 

visual observations of pulp morphology. With full illumination from two 100 watt illuminators, 
good photographs could be obtained at a magnification of 4 X with 1/4 o r  1/8 sec. exposure using 
Ektachrome B film (ASA 125). In rapidly changing situations (i. e. stirring o r  bubble coalescence, 
etc, ), the Nikon-F was fitted with an extension bellows and a reversed f-2 lens to give total 

Lighting was provided by two 100 watt illuminators. 
A Nikon-F 35 mm reflex camera fitted with a 1/2 X microscope adaptor was used to  record 
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magnification on the film of 4.5 X.  
ment was quite effective in "freezing" the action. 

that is impossible to communicate in black and white prints. 
Of Pit C o i l  sand a re  shown in Figure 1. 
caustic is added is obvious to the eye, but a description capable of finer discrimination is re- 
quired if this method is to be applied widely. One solution to this problem is shown in Figure 2 ,  
in which the globule sizes from Figure 1 are plotted a s  a conventional size distribution. The 
shape of this curve and the size of the median globule provide a characterization adequate for 
Present purposes. This method of representation will be used throughout this paper. 

For lighting, an electronic flash was used. This arrange- 

Visual observations and color transparency photographs provide a wealth of information 
Line tracings of bitumen globules 

The progressive increase in size of the globules as  

RESULTS 

For the studies in the s t i r red  reactor at  high speed, a l l  the observations are at steady- 
state conditions -- no change with time. Poor quality oil sand (Pit C ,  Figure 2; have in general 
much smaller oil globules, but the size increases as added caustic soda brings the pH up to the 
operating level, 8.4. The Pit  A sample in Figures 2 and 3 show the characteristic larger size 
of an average oil sand, but with the same pH response. In addition, Figure 3 shows the decrease 
in oil-globule size as the operating pH is exceeded; globule size forms a rather wide flat maxi- 
mum from pH 8 .4  to around 10. At this high pH many average and low grade oil  sands form 
emulsions rather than froth. This behavior is associated with a pronomced drop in the inter- 
facial tension at this same high pH. 

We had originally hoped that this globule size characterization would provide some 
measure of the cohesiveness of the oil globules which, in turn, might be related to froth yield. 
As  we have seen, the  high fine mineral content of low-grade oil sands is accompanied by a 
smaller oil globule size, and these samples in general give lower froth yields. However, when 
the change in globule size with pH is used as a variable, no correlation with froth yield is seen. 
Representative experimental results a r e  shown in Table 1; in general, this behavior has been 
observed consistently over a wide range of samples. In the final analysis, working hypotheses 
which do not involve-particle size o r  cohesiveness have been found to be much more  useful. 

TABLE 1 

TYPICAL RESULTS SHOWING THE ABSENCE OF 
CORRELATION BETWEEN PRIMARY FROTH YIELD AND OIL GLQBULE SIZE 

Caustic Soda Size of Area Median Primary 
Globule mm2 Froth Yield b lb. per ton 2 s  

0 
0.1 
0.25 
0.5 
1. 0 
2 . 0  
4.0  

6.1 
6 .2  
6.7 
7 . 6  
8.7  
9.6 

10.1 

0.075 
.035 
,038 
.150 
,275 
,338 
,071 

30 
49 
63 
70 
69 
75 
76 

Further examples of this behavior a r e  presented in Figures 9 and 10. 

There were two factors observed which can account for  the higher froth yields obtained 
from the high-speed s t i r red  reactor. In average and high-grade oil sands, informative observa- 
tions were  made on the behavior of the gas bubbles in the globules of bitumen. 
action in rapid stirring of the pulp, the bubbles were made very small, perhaps less than one- 
hundredth of the size of the oil drop, and there were very many of them. When the stirrer was 
stopped, coalescence of the bubbles began immediately and within 10 to 20 seconds most of the 
gas was in a very few bubbles of the order of one-fourth the size of the globule. With the dynamic 
interchange of oil  among globules which was also observed (continual coalescence and disruption 
of globules) a very even distribution of a i r  was assured when flooding was performed with no 
time delay after the rapid stirring. 
cence is allowed to occur, and globules broken up during flooding may then yield fragments with 
no bubbles plus fragments containing most of the original flotation gas. 

The second factor is perhaps the most important when all  grades of oil sand a re  

By the squeezing 

Decreased froth yield is experienced when bubble coales- 
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considered. Measurement of the amount of flotation gas showed that rapidly st irred pulp con- 
tained about three times a s  much a s  pulp produced by several  other procedures. Mineral con- 
tents of these pulps were all  approximately the same. All other things, therefore, being equal, 
a higher froth yield will result from a higher content of flotation gas. 

Observations on the Conditioning Drum in the GCOS Field Test Unit 

Early studies on conditioning showed that the rotating drum had a rather large minimum 
diameter for operability, and laboratory scale work was not feasible. In order to make direct 
comparisons between drum and laboratory methods, a method of quick-freezing samples of pulp 
was developed and applied in a microscope study of conditioning in a rotating drum. 

EXPERIMENTAL 

Sampling Procedure 

produce cross-sectional surfaces for visual and photographic microscope studies, and measuring 
the particle size distribution of the oil globules. The sample is frozen on a flat surface cut from 
a solid copper bar,  three quarters of an inch in diameter and six inches long; the bar is insulated 
except for this flat surface and is cooled in liquid nitrogen before immersion in the pulp. Efforts 
to detect orientation effects or effects from the sampling procedure were made in two ways. 
Two and three flat surfaces at right angles to each other were machined on the bars  and samples 
frozen at  each surface were examined. They were examined with cleavage surfaces parallel 
and perpendicular to the plane of the metal. In some cases,  a partial "growth ring" effect was 
observed close in to the metal and these samples were eliminated. Samples were,  in general, 
layers about one centimeter thick, and all  observations corroborated the premise that the quick 
chill immobilized the sample the way it existed in the process of conditioning. Trial  of a number 
of methods of sampling showed that the most satisfactory way was to stop rotation of the drum 
and immediately insert  the sampling device at  the selected point in the drum. 

The cleavage planes were studied on the cold stage microscope. At magnification of 5X 
and 8X the depth of focus is usually adequate to give a sharp picture of the entire sample. The 
remainder of the magnification for measurement was done by projection of the 35 mm. color 
transparency. The light source was a powerful electronic flash. A number of photomicrographs 
were taken a s  the sample was allowed to warm up. 

We expected that no significant observations could be made on the flotation gas bubble 
morphology in the frozen samples, and in general, no bubbles were seen. The rapid cooling 
would be expected to collapse the bubbles very rapidly since at 85°C they a r e  predominantly 
steam. Photomicrographs of both surfaces of a cleavage (i. e . ,  the mirror  images) agreed quite 
well, showing that cleavage, in general, went through solidified bitumen particles a s  well as 
around them. In neither case could any useful observations on flotation gas bubbles be made. It 
should be remembered that measurements a t  other times showed only about one-third a s  much 
flotation gas in a conditioning drum sample as in the pulp produced in a s t i r red reactor a t  high 
speed. 

Conditions for preparation of the pulp in the drum- 
These experiments were performed at a time the Field Test Unit was using a feed known 

a s  Pit  A Lot 25. This sample is a mixture of lean silty oil sand plus some rich oil  sand, aver- 
aging 9-10 percent oil and 17 percent fines in the mineral ( <  325 mesh). For optimum froth 
yield, it  required a dosage of 0 .5  - 0.6 pounds of caustic soda per ton, From extensive experi- 
ence with a wide variety of oil sands, we regard this sample as an excellent representative of 
feed of somewhat less than average quality. These experiments were all  run at  80 percent 
solids (80 percent mineral plus oil, the remainder water); in general, oil o r  water does not 
separate a t  this composition. Although much of the Field Test Unit operation was at 70 percent 
solids, no differences in operation have been observed that a r e  pertinent to this study. 

per  hour feed rate. Alkali dosage was varied so that results would parallel the effects observed 
in the rapidly s t i r red reactor if possible. Samples were taken at  the discharge end, 1, 2, and 
4 feet into the drum. 

The procedure consists of quick-freezing samples of pulp, cleaving the frozen lump to 

Conditioning was done in a drum 2.5 f t .  in diameter a s  already described (4) at  4 tons 

Experiments were made with : 
(a) fresh water used in the drum 
(b) with water from a settling pond which contained 6 - 7 percent of fine 

suspended mineral ("pond water"). 
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RESULTS 

A s  already mentioned, no t ime rate  of conditioning was detected in the rapidly s t i r red 
reactor; only steady state effects were observed. The microscope observations on frozen sam- 
ples from the drum served to define a . r a t e  process of physical changes in  conditioning. Samples 
of short residence t ime showed a dirty background of oil-mineral still  combined with oil present 
as a film. There is a relatively small  amount of agglomerated oil (as measured by the "percent 
oil agglomerated", which is  simply the percent of the total area occupied by oil globules). With 
appreciable dirty mineral  background, the accurate tracing of the droplets becomes very diffi- 
cult and the results correspondingly less reliable. 

Some representative r e su l t s a re  shown in Figures 4-6. The conclusions may be sum- 

1. 
marized a s  follows: 

The following aspects of conditioning a s  a ra te  process were observed. 
a .  Sand becomes clean and oil agglomerates into globules of increasing 

size as the rolling motion of the drum applies shear and mixing. 
b .  The required residence time for this process under the given condi- 

tions is about two minutes. Aside from lump ablation (4), this rate is 
the slowest of any of the physical o r  chemical processes we have observed. 

2. The effect of caustic dosage, at, below, and above the amount which results in opti- 
mum pH, is the same as observed in the rapidly s t i r red reactor. A broad maximum 
in  globule size i s  observed at and somewhat above the optimum operating pH of 
8.4 (Figure 6). 
For this  particular oil sand, no differences were observed between conditioning with 
fresh water a s  compared to pond water containing 6 - 7 percent fine mineral 
(Figures 4 and 5). 
The oil sand, Pi t  A Lot 25, is  probably most similar to the Pit C sample of Figure 2. 
Hence the oil globule size i s  somewhat larger in the conditioning drum a s  might be 
expected under milder mechanical treatment. 

3. 

4. 

Application to-Laboratory Conditioning The Stirred Reactor at Slow Speed 

The observations on pulp from the conditioning drum led us to reconsider laboratory pro- 
cedures for the conditioning step. Of continuing concern was the problem of lower froth yields 
from small  scale laboratory conditioning as compared to the conditioning drum in the Field Test 
Unit. The fast  s t i r red reactor clearly did better than the Field Test Uni t  in froth yield, but just 
a s  clearly was greatly different in the incorporation of flotation gas. 
how much energy was needed in the process and how it was applied a s  shear.  This approach led 
to shdies  with the s t i r red reactor a t  slower and slower speeds until a sequence of photomicro- 
graphs of frozen samples was obtained which showed essentially the same rate  of conditioning 
and other features a s  seen in the drum. Pulp produced by hand stirring in a beaker was also 
characterized by a microscope study. 

The crux appeared to be 

EXPERIMENTAL 

With a choice between freezing samples in the interior of the st irred mixture or making 
observations at  the wail, a l l  further work was done with the frozen samples for two reasons. The 
primary reason for this choice was that the progress of conditioning, i. e .  , the earlier stages, 
can b e  observed-only in the interior, not at the wall. 

The high-speed rate  of st irring for the 3-inch reactor is 350 r . p .  m. Upon slowing this 
speed to 100 and then 5 0  r . p .  m . ,  we reached a time scale of conditioning which was comparable 
to the observations in the conditioning drum. The most important parameters were again time 
and caustic dosage. 
with the pilot plant feed, P i t  A Lot 25. 

with the representative sample. 

Most of the comparison experiments were done with a sample identical 

A number of additional oil sand samples were studied to confirm the observations made 

RESULTS 

'rime Effect 
The time effect in conditioningkhat can be expressed quantitatively is the growth of the 

bitumen Particle s ize  during the stirring. This effect is shown, for example, in Figure 7 .  In 

- -~ 
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general, after about 5-10 minutes of st irring at  50 r.  p. m. , a steady state is reached and no 
further changes in thc particle size distribution a r e  observed. However, just  a s  i n  the samples 
from the conditioning drum, the most important results a r e  qualitative observations on the trans- 
formation of oil sand to clean mineral plus bitumen globules. The intermediate stages of small 
lumps of mineral plus oil and thin, yellow oil films can only be described in words. The signifi- 
cance of this intermediate state will be  discussed in a following section. 

pH Effect 

s t ra te  the effect of caustic dosage. Again, a s  in the conditioning drum, a broad maximum in 
globule size is observed at  and somewhat above the operating caustic dosage. 

Selected oil sand samples 

number of selected oil sands were also studied in the st irred reactor. Similar behavior was 
observed in a l l  cases. We were particularly concerned in obtaining further evidence on 

A series of steady state oil globule size distributions a r e  shown in Figure 8 that demon- 

Although Pit A Lot 25 is an excellent representative oil sand for experimental work, a 

(a) 
(b) 
In Figure 9, the characteristic behavior of the rich oil sand from the Abasand Quarry 

in the Horse River Valley near Fort  McMurray is shown. This sample gives very large globules 
of oil. This behavior may be associated with the generally much higher viscosity of the oil from 
this source, but any attempt at correlations of this kind immediately 'finds further difficulties 
in results such a s  in Figure 10. 

Comparison of all  the results in Figures 9 and 10 confirms the conclusion that the primary 
froth yield, in general, is not related to the bitumen particle size. Similarly, viscosity does 
not have a pre-eminent role in determining the globule size. Care must be taken to control solids 
contents of the pulp because decreases in globule size parallel to increases in viscosity have been 
observed when samples have been s t i r red over long periods and water lost by evaporation. 

In general, although a given oil sand sample shows a consistent behavior with t ime and pH 
in these studies, wide variations among different oil sands a r e  observed in the bitumen morphology. 
Many complex factors a r e  operating to result  in these differences between samples. 

a relation between oil globule size and primary froth yield 
the effect of viscosity of the pulp on the globule size 

Application to Hand-stirred Conditioning The Significance of Partial  Conditioning 

Seitzer has described some of the small  scale laboratory methods of conditioning that 
were used in the early stages of our oil sand studies (1,5). In an effort to understand the low 
froth yields from conditioning by hand stirring in a beaker, examination by microscope was 
applied to pulps produced by this method. Although agglomerated bitumen could be seen on the 
walls of the beaker during the st irring, all samples frozen in the interior of the mixture showed 
very little agglomeration and large amounts of dirty mineral and oil films. There were random 
variations in samples treated identically; no consistent pattern could be observed. Samples, in 
general, contained large proportions of oil not agglomerated. The significance of these results 
wi l l  be discussed in a following section. 

Study  of the Relation Between Conditioning Methods and Primary Froth Yields 

The results of the preceeding experiments came to have an important bearing on one pre- 
eminent problem -- the low froth yield in the initially most important procedure, conditioning 
by hand stirring. Before this aspect i s  discussed, the results of a number of related experiments 
will serve to describe the problem and define some of the factors. 
from the dichotomy of conditioning and flooding. 
is the single most important characteristic in studying an extraction process,  we a r e  immediately 
confronted by the fact that the two par ts ,  conditioning and flooding-settling, must always be part  
of the process for producing froth. Early studies seemed to indicate that higher pilot plant froth 
yield might come from quite vigorous mechanical treatment (including exposure to a i r )  of the 
pulp in and after flooding. Several devices were fabricated to test  this hypothesis on a laboratory 
scale. The results a r e  shown in Table 2 .  

The most important behavior that stands out in Table 2 is -- whatever the flooding pro- 
cedure -- the drum discharge produces a higher froth yield than the laboratory procedure of 
hand stirring in a beaker. Experiments of this kind on other types of oil sands have shown the 
same results: hand conditioning in a beaker, except for very high quality oil sands, gives lower 
froth yields than drum discharge. 

Pa r t  of the difficulty results 
From the viewpoint that the primary froth yield 
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TABLE 2 

PRIMARY FROTH YIELD WITH VARIOUS FLOODING PROCEDURES 
APPLIED TO CONDITIONING DRUM DISCHARGE AND TO HAND-STIRRED PULP 

Conditioning Drum Discharge Laboratory Conditioninq 
Fraction Duplicate Runs Duplicate Runs 

Flooding: Procedure A 
Percent of total bitumen in: 

Primary Froth 
Middlings 
Tailings 

Percent mineral in: 
Primary Froth,  dry basis 

Flooding: Procedure B 
Percent of total bitumen in: 

Primary Froth 
Middlings 
Tailings 

Percent mineral in: 
Primary Froth,  dry basis 

Flooding: Procedure C 
Percent of total bitumen in: 

Primary Froth 
Middlings 
Tailings 

Percent mineral in: 
Primary Froth,  dry basis 

52 
28 
20 

8 

84 
11 
5 

10 

72 
26 
2 

9 

51 
32 
17 

11 

91 
6 
3 

8 

83 
14 
3 

11 

26 
54 
20 

7 

50 
29 
21 

11 

68 
23 

9 

12 

24 
50 
26 

7 

47 
44 

9 

11 

59 
21 
20 

16 

Flooding Procedures: 
A. 

B. 

Simplest batch procedure, placing conditioned t a r  sands into hot water in 
mechanically s t i r red receiver. 
Feeding conditioned tar sand by means of a plunger into a stirrer-water spray- 
rotating screen assembly, from which the flooding is completed in a s t i r rer-  
equipped beaker. 
Apparatus a s  in B plus a two-foot cascade of twelve steps prior to the st irred 
receiver. 

C. 

Oil Sand Feed 

and caustic soda to pH 8.4. Pilot plant primary froth yield 84438%. 
Pit A bucket wheel product, 12.3 percent bitumen; conditioning done with fresh water 

At this point the correlation between this poor froth yield and the microscope observa- 
tions suggested a hypothesis and some experiments to tes t  it. If the unresolved oil-mineral o r  
dirty mineral which is seen in frozen samples of hand-stirred pulp is present because condition- 
ing is incomplete, then the froth yield from short-time s t i r red reactor experiments should be 
lower also. The results of these suggested experiments a re  shown in Table 3. The character- 
ist ic low froth yield from hand conditioning is observed again. The low froth yields from 
"partial conditioning" in the s t i r red reactor a r e  gratifying; for these cases,  microscope studies 
showed the same incomplete separation of oil and mineral and partial  agglomeration as from 
hand stirring. The hypothesis was confirmed; experiments with other oil  sands have given the 
further corroboration of this hypothesis. In addition, the utility of microscope examination of 
quick-frozen samples of oil sand was demonstrated. 

Additional results were included in Table 3 to show the decrease in froth yield with over- 
treatment by caustic. Oil sands vary in this response, but in this case,  emulsification of the 
oil occurs during conditioning at  pH around 10 and froth yield drops to zero. Again, this emulsi- 
fication can be observed in a microscope examination of frozen samples of pulp. That insuf- 
ficient alkali will resul t  in dirty mineral throws a valuable side-light on the usefulness of the 
surface forces in conditioning. Ai iuw pK z i z y  af these *herent eurfactants have not been 
"activated", which presumably occurs by salt  formation at the proper pH. Hence more 
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mechanical work is required. A number of results have indicated that mechanical energy (stirring 
of the proper kind) can be traded off for  alkali. 

TABLE 3 

CORRELATION OF CONDITIONING, MORPHOLOGY. AND PRIMARY FROTH YIELD 

Oil Sand - Pit  A Lot 25, 10% Oil. Flooding: Procedure A ,  Table 2 

- Conditioning O i l  Globule Size Flooding 
Alka l i  % of o i l  
d o s a y  Time Area median 
lb. /.ton min . s i ze  globule I!!! - 

St i r r ed  Reactor 

I. P a r t i a l  Conditioning' - i n s u f f i c i e n t  mechanical working o r  a l k a l i  

0 .1  5 . 7  2.5 
6 .8  5 . 0  
7.6 1 . 2  
8 .2  1 . 2  

11. Adequate Conditioning 

0 .5  
0 .6  
0 .5  
1 .o 

8.5  2 .o 
8 .3  5 . 0  
8 . 4  10.0 
8 . 9  2.5 

9 , 6  
6 
8 
11 

10,lO 
11 
23,24 
9,10,8 

111. Conditioning a t  high pH - borderline of emulsification 

1 . 2  
1 . 4  

9.2 5 .O 
9 .7  5 . 0  

11 
9 

IV. Conditioning a t  high pH - emuls i f ica t ion  predominant or complete 

1 .6  9 .8  5 .0  Almost completely 

2 .o 10.2 10.0 Completely emulsified 
emulsified 

3 Hand Conditioning 
P a r t i a l  Conditioning - i n su f f i c i en t  mechanical working 

0 .5  
0 .5  

8 .2  10.0 Not measurable 
8 .2  10 .0  Not measurable 

as primary 
f ro th  

44 
27 
27 
36 

54 
54 
54 
60 

49 
33 

14 

1 

18 
25 

1. Area median globule size is taken from s i ze  distributions such as Figure 2 
of the abscissa where curve c rosses  the ordinate = 50%. Multiple values are from inde- 
pendent duplicate determinations on the same  pulp. 

2 .  Degree of conditioning - as shown by microscope examination of frozen samples 
conditioning is evidenced by the presence of large amounts of oil-mineral still  in combina- 
tion and areas covered by visible yellow oil films. 

3 .  Oil sand preheated to processing temperature 85'C; time indicated is total time of st irring 

It  is the value 

Inadequate 

The froth yields for optimum conditions in Table 3 approach those reported for separation 
cell froth in the pilot plant. The laboratory values are still somewhat low; experiments have 
established that with middlings recycle in the laboratory as used in plant scale, the primary 
froth yields are completely comparable. Because this aspect is more  closely related to  study 
of settling, these experiments will be reported in detail in another paper. 

DISCUSSION 

The goal of understanding conditioning as it is judged by the primary froth yield has been 
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achieved over a scale ranging from small laboratory experiments to a pilot plant at  10 tons per 
hour 

(a) We now understand in terms of requirements for uniform shear and mixing, experi- 
ments with a scale difference of 100, 000. As might be expected, the physical factors were most 
important to understand; from our present understanding of the effect of shear and mixing, we 
would expect full-scale conditioning drums to improve on the performance of the pfiut plant. 
The chemical factors, such a s  effect of sodium hydroxide in  engendering surface active agents, 
deflocculating clay, e t c . ,  a r e  on a molecular and interfacial level and do not vary appreciably 
with scale on the gross  level. 

ing of o i l  sands. 
traction process. 

returning to simple flooding procedures, we could proceed to study the next stage of the process. 
Future papers will describe the results of study of the settling process and further understanding 
of the processability of widely different oil sand samples. 

Certain special topics in the present results have interesting implications which are  
discussed below. 

1. The effect of pH: The action of caustic soda is evidenced in deflocculation of clay, 
forming salts with potential surfactants, and neutralizing acidic species in general. In the effect 
of pH on oil globule s ize  a r e  seen mostly secondary results.  Figure 11 summarizes the results 
of the oil globule size measurements over the pH range of interest. The curves serve to point 
out one difference between the st irred reactor and the conditioning drum. The particle size is 
larger in  the drum and the tendency to emulsification is greater in  the s t i r red reactor because 
the reactor is characterized by a higher shear s t r e s s ,  at  least  at the end of the conditioning 
period. 

includes a ra te  process af freeing and agglomerating the oil. 
requirement of about two minutes. Innes and Fear show several  runs with good froth yields at  
residence of 0..5 minutes. However, we a r e  describing the time in  te rms  of immediate flooding 
as can be  done in the laboratory. In the pilot plant the drum discharge went through a vibrating 
screen, a centrifugal pump, and lengthy runs of pipc before separation was allowed. This pro- 
ces s  h a s  the slowest ra te  of any of the chemical or physical processes we observed in the 
laboratory. 

3. lm2ortance of shear properly applied: In this work the microscope observations and 
primary froth yield from conditioning by hand stirring testify to the need for a certain minimum 
shear applied in a suitable systematic way. One of the useful working hypotheses is that this 
extraction process is related to the problem of why bituminous pavement fails. 

Factors directly involved in the primary froth yield: Primary froth yield, a s  for 
exam2le in  Table 2 ,  is  best understood in te rms  of a simple working hypothesis which we have 
found will explain a very wide range of empirical facts concerning the hot water extraction pro- 
cess.  If we assume a settling medium in which Stokes law can operate, the buoyancy of the 
froth determines the primary froth yield. This buoyancy is determined by the flotation gas con- 
tent and its distribution, the mineral held in the froth, and the density of the medium. A s  is 
well known, the pure oil has a density very close to that of water. 

able because the mineral in the froth is increased. This conclusion is based primarily on his 
studies with Bitumont oil sand, which is of quite high grade. Our work has necessarily been 
concentrated on average and poorer grade oil sand. 
view i s  offered in order to explain our results with loiver oil sands. The factors in oil buoyancy 
which a r e  listed above a r e  used plus our understanding of conditioning. 

oil content. Agitation of middlings or flooded pulp in  the presence of a i r ,  in  general, increas’es 
the amount of flotation gas, and hence, oil with a larger mineral content can float. Primary 
froth yield increases and mineral in the froth increases. 
for  “Laboratory Conditioning’’ in Table 2 .  This occurs because as the microscope has shown, 
important quantities of oil still attached to gross amounts of mineral (i. e .  , large sand grains) 
a r e  still present. The general concept in mineral flotation is that an oil attached to a mineral 
provides the situation necessary for attaching the bubble of air for levitation. Perhaps the be- 
havior f i r s t  noted by Dr. Clark (6), that oil globules in the middlings will film out on the water- 

genie@ in the conditioning accounts for  these results. On the other hand, in the “Drum Discharge“ 

(b) The microscope studies led to an understanding of the poor results of hand condition- 
The information has been fitted into a consistent detailed picture of the ex- 

(c) With this background of understanding of and control over the conditioning stage and 

2. Rate-limiting step: Conditioning in the drum and with suitable laboratory methods 
The drum showed a residence time 

4. 

Dr. K. A.  Clark has stated (5) that procedures such as B and C in Table 2 a r e  inadvis- 

The following modification of Dr. Clark‘s 

A standard flooding procedure allows a certain amount of oil to float as  froth, with a given 

This behavior is observed in the column 

air  surface, is par- oftne exp~ana~ion. 7-n W l l a L e j Y e l  & - ~ ~ - - .  A I L -  LLK LllrjvIIaLII;yIIIu -L--.-.-- for fiozting, the inkorno- 
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column we see increases in froth yield with no detectable increase in mineral. Here it will be  
remembered the mixture is very homogeneous and the oil is f ree  of major amounts of mineral. 
oil globules have mineral in the form of emulsified (w/o) middlings and at best si l t  o r  clay. Quiet 
flooding (Procedure A) gives a much better froth yield, and the oil remaining in the middlings, 
resulting from an initially vsry homogeneous pulp, is on the borderline of floating. When the 
more energetic procedures of flooding a r e  used, this oil will float readily but will not have any 
large amount of mineral to  car ry  up. Confirmation of this physical picture is found in  sedi- 
mentation studies. The "black layer" of oil that settles slowly and forms above the settled sand 
in a sedimentation from a gentle flooding is generally copious in hand-stirred conditionings. 
However, it is missing o r  very small  in flooded samples from drum discharge. This unre- 
covered oil in these cases does not have enough mineral to cause it to sink. 
of this interpretation is described in another paper. 

5. Techniques in microscope work: The use of frozen samples for  microscopy proved 
to  be a major help in studies of conditioning. Conditioning on a microscope slide does not give 
information on the fundamental mass-shear problem. Transferring samples of pulp to  the 
microscope for observation invariably causes changes that vitiate the most valuable observations 
The quick-frozen samples were invaluable in this study of conditioning, and the technique can be 
applied to problems in other aspects of recovering oil from the Athabasca deposit. 

Further confirmation 
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BY 

Earl W. Malmberg and William M. Robinson 
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INTRODUCTION 

The Athabasca sands yield up their oil in the hot water extraction process by floating a s  
a froth while the sand sinks in a separation vessel. The medium in which this settling occurs is 
a suspension of the mineral fines in hot water called middlings. The settling may seem to in- 
volve only a simple exercise in Stokes law to predict and optimize the results. However, when 
detailed consideration is given to continuous large scale operations, a number of complicating 
factors arise. 
recycled through the process (1). The plant feed contains varying amounts of fine material, and 
their removal is accomplished through a drag stream from the middlings recycle. 
tude of the drag s t ream is determined by the fines content of the plant feed and the density of the 
middlings. Economic and engineering factors again dictate this density be a s  high a s  settling 
operability will allow. 
mental parameters of primary importance in the hot water extraction process. 

For example, economic and engineering factors dictate that the middlings be 

The magni- 

The laboratory study of this critical factor directed us  to some experi- 

Conditioning Procedure Used in Settling Experiments 

The second paper of this ser ies  describes a laboratory conditioning procedure whose 
characteristics are almost all closely comparable to the large scale  apparatus of the pilot plant 
(2). The one remaining point of concern w a s  the mineral content of the froth -- laboratory froth 
in general had a higher content of mineral. A specific procedure was discovered with the stirred 
reactor which solved this problem. The resolution of this last point of difference is important 
for  the work to be presented because it gave us  complete confidence that we could proceed with 
a laboratory study of settling; the results would be  meaningful for large scale work. 

EXPERIMENTAL 

Conditioning is generally regarded as a process carried out at a chosen "solids content", 
e. g. , 80  percent solids means oil + mineral is 80 percent with 20 percent water. The essence 
of the method used in this paper i s  described in Table 1 a s  "New Procedure". Water was added 
in increments a t  the stated intervals during the conditioning in the stirred reactor. The remain- 
der of the procedure up to the settling process i s  as  follows. 
s t i r re r  slowly speeded up to 300 r .  p. m. and then slowly stopped. Variations in procedure such 
a s  with the rich oil sand a r e  made when the viscosity of the mixture requires it. Al l  operations 
and measurements a r e  at 85°C. 

Flooding water was added, the 

RESULTS 

The results of the stepwise addition of water in conditioning are shown in Table 1. The 
f i rs t  results from the "New Procedure" were most gratifying in that not only was mineral low 
but the results were uniform. Earlier laboratory froth samples characteristically have a rela- 
tively large random variance. The experiments listed under the variations were to test the 
unique requirements of each stage. All the details proved to be necessary. Experiments were 
also performed which showed that the rate  of heating or preheating had no influence on the result. 
In the stage at  low water content, stirring produces high shear in the mixture. We believe this 
action is responsible for reducing the content of fine mineral in the oil globules. The action of 
the other essential par ts  of the procedure is understood i n  ternis of thc shcar m d  'he particle 

f 
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size characteristics of the mineral in  the froth. 

Laboratory Recycle of Middlings: 
High-fines Oil Sand with Middlings of Normal Viscosity 

In the basic laboratory operation of settling for a given batch of oil sand, the layer of 
froth is skimmed off, the middlings decanted after a chosen interval of settling, and the sand 
tailings remain in the vessel. Middlings from one run can, a s  chosen, be used in conditioning 
and flooding in the processing of the next batch of oil sand feed. In successive cycles of this 
process with a properly chosen "drag stream", middlings density can be built up and will pro- 
ceed to inoperability. Many aspects of hot water processing, including quantitative, a r e  formally 
related to multi-stage solvent extraction; laboratory batch procedure is related in  this way to 
the continuous pilot plant. With a laboratory batch procedure, independent parameters can be 
set  and measurements made of a s  many dependent variables a s  possible to characterize the 
system. We wished to examine all possible effects that might be operating in the settling, so 
that a s  wide a s  possible a range of characterizing variables were obtained. 

EXPERIMENTAL 

The "New Procedure" of Table 1 was used for the conditioning and flooding was done by 
adding the proper amount of water and/or recycle middlings. This stirring-for-flooding pro- 
cedure is especially useful because a series of density measurements over any period of time 
can be made with pipetted samples, the mixture re-s t i r red,  allowed to settle the desired time, 
and then decanted. The following sample sequence was used: 

1. "Immediate density" - taken a s  soon a s  possible after stirring is  stopped. 
2.  Similar sample after 2 min. settling. 
3. Similar sample after 5 minutes. 
4. Similar sample after 15 minutes. 
5. Decanted middlings were stirred and a uniform sample taken, 
The density sample was taken in a specially designed weight pipette with a large opening. 

Viscosity measurements on a suspension of mineral and oil a r e  difficult, particularly 
The two-mwute density sample was analyzed for oil and mineral. 

when special rheological measurements are  to  be made, e. g. , to detect small thixotropic effects. 
Early measurements in the pilot plant laboratory were made by settling the middlings for 9-15 
minutes and making the measurements on the supernatent liquid. We found the procedure satis- 
factory and thereafter used i t  so that our results could be compared directly to the data from the 
continuous process. 

Conductivity measurements a r e  also difficult, primarily because the oil in  the middlings 
fouls the electrodes. Two short heavy platinum wires in a fixed support proved to  be rugged for 
cleaning and of adequate sensitivity. Analysis f o r o i l  and mineral were pePformed on the froth 
and tailings so that overall balances could be reported. Also, the primary froth yield w.ould be 
used as our basic indicator to show whether in  a given batch the settling was operable or inoper- 
able. A-number of intervals of settling prior to decantation were used: 0.58, 2 ,  and 15 minutes. 
As will be noted in the results, the differences in behavior all were a s  might be expected; con- 
sequently, most of the work was done at one interval, 2 min. 

RESULTS 

The different facets of the experimental results resolve themselves in several major 
groups that a r e  presented below. 

Froth and Middlings - analytical results and other measurements: 
These results from several characteristic runs are shown in Tables 2 and 3. Table 2 

represents a sequence which w a s  inoperable at the ninth cycle. The ser ies  shown in Table 3 was 
terminated when all signs indicated an incipient inoperability. The f ina l  middlings were then 
available for  further detailed studies. The following points may be noted: 

a. The effect of recycling middlings in increasing primary froth yield i s  one of the 
last links establishing laboratory processing a s  being comparable to pilot plant in 
yield. Evidence shows that the increase comes from the additional opportunity for 
oil in middlings to float a s  i t  is recycled. An alternative explanation lies in  in- 
creased buoyancy from middlings of higher density. Experiments a r e  in progress 
to establish which one or  i f  both factors are important. 
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TESTING OF CONDITIONING W I T H  STEPILISE 
DECREASE IN SOLIDS CORTEkT: EFFECT OR MINERAL COATENT OF FRCIrH 

Cond i t ions :  200 g. P i t  A  Lot  25 o i l  sand (10% o i l )  
3 - inch  s t i r r e d  r e a c t o r ,  50 r .p .m.;  con- 
d i t i o n i n g  t empera tu re  85'C; 200 ml. 
f l ood ing  water  a t  8 5 O C  

% Recovered Bitumen i n  
Procedure o f  cond i t ion ing ( ' )  F r o t h  Tails 

Former s t a n d a r d  procedure:  
80% s o l i d s ,  10 min. 54.2 27.0 18.8 

54.3 15.7 30.0 

New Procedure :  
85% 5 min -4 80% 3 min -4 75% 58.5 25.2 16.3 

3 min 4 70% 3 min 63.2 22.7 14.1 
60.0 27.5 12.5 

90% 5 mi" .+ 80% 3 m i "  -> 70% 3 min 62.6 23.0 14.4 
70.3 19.0 11.7 

Var i a t ions  for Tes t  Purposes 
85% 5 min 

70% s o l i d s  1 2  min 

63.3 23 .8  12.9 
64 .3  20.6 15.1 

39.7 
46.6 

39.4 
36.2 

20.7 
17.2 

85% 5 m i n  ->70% 3 min 64 .1  24.0 11.9 

7. Minera l  
i n  F ro th ,  D.B. 

-8.3 
6.7 

4 .5 
4.6 
4.7 

4.2 

8.2 
7.9 

10.0 
8.5 

6.5 

Confirmation w i t h  d i f f e r e n t  t ype  oil sand:  Rich o i l  s and ,  13.5% o i l ,  w i t h  20% seam c l a y  added 

Former p rocedure :  
80% 10 min 63.9 23.6 12.5 5.8 

New Procedure: 85% 5 m i "  -> 
8 0 1  3 min -, 752 3 min -> 70% 3 m i n  6 . 8  3 .0 

-> 65% 3 mi" 80.2 13.0 

( l ) %  s o l i d s  i n  cond i t ion ing  r e f e r s  t o  o i l  + m i n e r a l :  i . e . ,  80% s o l i d s  i n  20% wate r .  

(2 )Th i s  r e s u l t  may be  i n  p a r t  a n a l y t i c a l  error, but  i t  shovs a low level of  mine ra l .  

BATCH RCCYCLE RUXS OX PIT A  LOI 25 OIL SARD: 
ANALYTICAL RESULTS A h 3  RELATED DATA 

CondiLions:  O i l  sand,  10% o i l ;  3" s t i r r e d  r e a c t o r  
50 RPX, 15 minute  middl ings decan t ,  
0 . 6  i i f ton NaOH 

Cycle 
NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9+ 

Nidd 
L!L 
8 . 3  

8 . 3  

8.0 

8 . 2  

8.2 

8.4 

8.1 

8.2 

7.8 

% of Recovered % Mi". 
Primary" Bitumen in::? i n  F ro th :  

F r o t h  Yield Froth Hin.(D.B.L 

38 .5  43.8 40.2 16 .0  10. 1*a 

56.2 46 .1  39.5 14 .4  8.3 

56.2 43.8 44.3 1 1 . 9  10.7 

54 .8  38.2 49.7 1 2 . 1  14.0 

56.6 39.9 46.6 13 .5  14.9 

6 0 . 1  42 .0  42.8 15 .2  15.1 

6 2 . 3  39.2 51.3 9 . 5  13.2 

56.2 34.8 54.3 10 .9  19.0 

9 .5  6.7 93.3 - 6 2 . 0  

_ _ _ -  
Analys i s  o f  Midd 

7.3 3.0 

9 .1  4 . 1  

10.7 4 . 8  

13.6 5.6 

14.3 5.6 

14.9 5.2 

15.0 5.9 

15.0 6 .3  

42.3 5 .8  

*Primary f r o t h  y i e l d  is c a l c u l a t e d  on t h e  b a s i s  of one ba tch  inpu t .  The bitumen d i s t r i -  
b u t i o n  i n c l u d e s  o i l  r ecyc led  i n  middl ings as w e l l .  

*Whis  v a l u c  is unexpectedly h igh  and may we l l  be i n  error .  

Cond i t ion ing  wi th  midd l ings  i n  p l a c e  o f  f r e s h  w a t e r .  r 
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Mineral in the froth - an important measure of the quality of the froth - is closely 
related to  middlings density. Since conditioning was with few exceptions done with 
fresh water, a large portion of the mineral in the froth was incorporated in the 
flooding through mechanical occlusion of water. 
The "Recovered Bitumen" results demonstrate that a s  inoperability is reached, the 
oil becomes suspended more and more in the middlings. 
Experiments interspersed in a series in which conditioning was  done with middlings 
rather than fresh water demonstrated that high mineral in the froth and low primary 
froth yield result. 

Settling as  measured by successive density samples: 

can be analyzed to indicate any normal o r  abnormal settling behavior. The results a r e  shown in 
Table 4.  

provide a clear unambiguous answer as  to rheological environment that obtains in the settling 
process. The resul ts  in Table 4 a r e  only part of the data required for this absolute measure- 
ment. They do, however, give a strong indication that no abnormal viscosity is present even in 
the last runs which preceded inoperability. 

For a number of samples, particle size data a re  available for the final middlings. In the 
customary analysis, cuts are made at 43 and 2 microns. 
the sequences in Table 4, but a r e  from a sample of essentially the same properties. 

The time sequence of density samples taken 1 inch below the surface of the settling mixture 

Measurements of the rate  of settling of mineral particles of different known sizes would 

These samples a re  not directly from 

Settling Time Sand Silt Fraction Clay Fraction 
Cycle for Decantations > 2 ,  443 P t 2  P 

1 2 min 0.5 42 57 
9 2 min. 0.5  43 56 
9 0 .58 min. 4 . 5  52 43 
2 2 min. 2 . 5  47 50 
9 2 min. . 5  54 45 

If these results a re  interpreted with the density differences in Table 4,  then the complete 
Stokes law comparisons of viscosities? in the early and late cycles is made. There is no evidence 
for a thixotropic effect in  these samples. The samples vary from 6 to 20 percent fine mineral. 

other samples in  which the mineral was fractionate by sedimentation. Aside from the expected 
increase in the relative amount of clay in the smaller fractions, no fractionation of any mineral 
species has been observed. 

Measurements with the Brookfield viscometer: 

a further effort to detect thixotropic and other non-Newtonian rheology. With the Brookfiled 
viscometer measurements for  the conventional shear stress-shear ra te  curve can be made. No 
evidence could be adduced for the existence of a yield stress in these damples. The procedure 
was designed to measure immediate viscosity and then the viscosity which developed as the 
instrument was in motion. This rheopectic viscosity is related to thixotropy, but the relative 
time rates of development a r e  too complex to make any direct comparison of value. 

Plotting viscosity against density (or percent mineral) for different oil sands is one indication 
we have as to how one oil sand sample may differ from another in this aspect -- how high a 
density may be operable. In the heading of this main section, the term "normal" viscosity is 
used in the sense that this September Shaley Pit A gives a relatively low viscosity for a given 
density. We will s e e  in the next section some results which we have called f'abnormall' viscosity. 
These a re  relative terms,  and as  usual, normal and abnormal a r e  defined in terms of common 
experience. 

Conductimetric measurements: 

conductance slowly increases and levels off (because of the drag stream extraction effect). The 
results with these samples again a r e  noted as  "normal" behavior. Occasional unexpectedly low 
values of conductance a r e  of no concern because they result from electrode fouling. 

Mineralogical analyses by X-ray diffraction have been made on these and a number of 

Conventional measurements of viscosity were made on samples of settled middlings in 

Viscosity measurements for the experiments listed in Table 3 are shown in Figure 1. 

In recycle experiments the caustic reagent dosage will accumulate and a8 expected the 
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' I  i 
I 
I 

1.00 1.02 1 .04 1.0s 1.08 1.10 1.12 1.14 
SETTLED DENSITY, 85OC 

MINERAL O/o 
4.8% 7.99% 10.6% 13.6% 16.2% 16.8% 21.3% 23.7% 

F i g u r e  1. V i s c o s i t y - d e n s i t y  r e l a t i o n s h i p s  
for r e c y c l e  runs on September 
Shaley  A o i l  sand. V i s c o s i t y  
measurcd immediately and a f t e r  
15 minutes  a t  6 RPM, point s  Tor 
Same sample joined by v e r t i c a l  
line. 

*lJii8 

00 
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Laboratory Recycle of Middlings: 
High-Fines Oil Sands with Middlings of Abnormal Viscosity 

All the laboratory studies were made with a range of different types of oil sands samples 
so that the general validity of results could be established. 

Most of these samples have been from individual seams in the deposit, and we anticipate 
in  general an averaging over a large number of samples. In this section will be described some 
samples of less common occurrence but of such extreme difference that the properties wi l l  be 
described in some detail. 

EXPERIMENTAL 

The experimental methods are essentially a s  in the preceding-section. One additional 
s e t  of data was obtained. 
middlings samples was analyzed for certain cations. Sodium, potassium, and calcium concen- 
trations were measured by flame photometry; magnesium was determined by an EDTA titration. 
The cations held in the exchange capacities of various fine mineral fractions were determined 
by adding: 

1. barium chloride to 0. 05 N concentration, or 
2. lithium chloride to 0 .5  N and analyzing the siAJernatent liquid as  above. 
These abnormal oil sand samples were collected from a fresh face near the bottom of 

The supernatent liquid after centrifuging all the mineral from selected 

the escarpment on Lease 4, 25 miles down river from Fort McMurray. They appeared like a 
seam of clay with lumps of very rich oil sand interspersed giving a mottled appearance. 
were two seams, each 8-12 in. thick, separated by about 6 f t .  of rich oil sand. We were in need 
of high-fines samples and, therefore, chose them among others, 
selves gave cssentially no froth yield although the oil content was at  least 10 percent. They were 
mixed 1:l with rich oil sand in order to apply the conventional procedures to test them. 

There 

These two samples by them- 

RESULTS 

Processing Characteristics and Middlings Viscosity of the Lower Mottled Clay Oil Sand (abnormal) 

a s  mentioned, and then even when mixed 1:l with a very good oil sand. The results of a recycle 
ser ies  a r e  shown in Table 5. A duplicate run gave essentially the same results. 

An example of the extreme difference in rheological properties of this sample is shown 
in Figure 2. Here i t  will be noted that after the second recycle the immediate viscosity of the 
settled middlings i s  extremely high and a s  Table 5 shows, separation is not operating. The 
rheopectic viscosity is even more strikingly different from the immediate viscosity. In the 
second recycle, the viscosity reached 12-15 centipoise after 15 min. viscometer rotation at 6 r .p .m.  
In both types of viscosity measurement, there is a significant difference between what we have 
come to regard a s  normal behavior and the k s t  sample we have described. 
minimum operable viscosity, the allowable mineral content may be only one-half to one-third 
that for a sample such a s  Shaley Pi t  A. The results for this abnormal.Lower Mottled Clay Oil 
Sand sample have been duplicated with the other seam, the Upper Mottled Clay Oil Sand. 

Analysis for Cations in  Middlings 

crease in  undesirable rheological characteristics. Classic studies in clay chemistry has demon- 
strated this effect -- flocculation by electrolytes leads to higher viscosities and non-Newtonian 
rheology. The effect was demonstrated in several middlings samples by removing the ionic im- 
Purities; anomalously high viscosities were no longer present in the dialyzed suspension. These 
data led to measurement of concentrations in the aqueous phase for selected cations, sodium, 
Potassium, magnesium, and calcium. The pH at  which the separation is carr ied out and the 
nature of the changes with time which we observed led us to eliminate other ions from consider- 
ation. 

clays a r e  shown in  Table 6. The results of immediate interest a re  in comparing the "no recycle" 
samples, which a r e  the middlings produced in the first run of a series. The Shaley Pit A shows 
no divalent cation whereas the Mottled Clay sample is already at  9 . 6  millinormal concentration. 
Also, this sample contains a large quantity of magnesium ion in the exchange reservoir of the 
clay. 

The first abnormal behavior of this oil sand was evidenced in the low froth yield by itself, 

For example, for a 

The increase in  conductance of the middlings during a recycle ser ies  parallels the in- 

The results of analysis of middlings and the investigation of the exchange cations in the 

Several Comments a r e  in order on these results. Firs t ,  these results at the p. p.m. level 
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Time before 
Decantati"" 
cycle  Sumbcr 

1 

2 

3 
4 

5 

6 
7 

8 
9 

10 

11 

12 

13 

14 

15 
16 
1 7  

Average- 
0"er 

0 . 5 8  mi". 
Second sequence 

% Elinrrul" rJ5ClS 

7.1 0.0019 
1 1 . 7  0.0050 

17.2 0.0124 

22.7 0.0235 
23.9 0.0215 

34.4 0.0373 
Inoperable  

0.0237 
1aSC f o u r  

2 min. 15 min. 
FlrSr S C q l l C n C e  Third Scquciicc - 

rJ5+ % Elincral D -D 
_- 

-5-15 
5 . 6  0.0009 5 .2  0.0010 

12.0 0.0113 7.9 0.0099 
14.9 0.0160 9 .7  0.0106 

16.6 0.0139 13.2 0.0099 
20.7 0.0160 12.8 0.0066 
21.8 0.0175 15.1 0.0177 

31.4 0.0167 17.6 0.0228 
Inoperable 17.7 0.0144 

18.7 0.0177 

17.2 0.0162 
Drag rate decreased".:: 

16.8  0.0114 

15 .4  0.0107 

18.3 0.0118 

23.1 0.0235 

21.4 0.0181 
21.2 0.0177 
21.6 0.0169 

0.0164 0.0157 
las t  f i v e  last SeVB" 

% HIncral;: -. 

* Nincral c o i l ~ e n t  determined fro7 DecanLed Xiddlings Density 

I-;; Absolutr drag r a t e  o s u v i  60 our  o f  260 ml i n  P i 1  ehcept  Cotlowing Cycle 11 
in F i r s t  s c q w n c e  ~ i n a l  a l i s o l r i ~ ~  d r a z  r a t e ,  35 OUL o f  260 n i l .  

XIDDLISGS RCCYCLE SERIES ON 1:1 LOWER HOTTLED CLAY OIL SAW - GOOD OIL SAND 

Condit ions:  3" S t i r r e d  Reactor, 50 RPX, 15 n i n .  middlings decant 
XoCfIcd O i l  Send.  9.9% O i l :  good o i l  sand.  13.5% o i l  

% Hi". Analysis  Conductance 
cyc le  i / T o : i  Middlings 7. Recovered Bitumen in: i n  Froth o f  R i d d l i n  s of Dccmtcd 
so. saon "A 7- Bitumen Frofh Midd T a i l s  z)lir? & Xiddlinns _ _ _ _ _ _ _ ~ - -  

1 0.615 8.35 36.5 40.8 58.3 0.9 7.6 12.2 4.8 1000 

2 1 . 0  8 . 3  29.6 21.8 65.6 12.6 11.6 16.4 9 .8  1675 

3 1.0 8 .5  13.0 7 . 9  79.5 12.6 27.5 16.8 12.8 1975 

4 0.875 8.4 28.2 10.2 85.7 4 .1  26.6 22.5 15.6 1320 
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DETERHINATION 01 TBE CATIOS ESCHAAGE CAPAClTY Ai\' 
INDIVIDUAL EXCHANGE CATIOXS OF CMY 1 N LABORATORY EIIDOLINGS 

Sample 

September S h a l e y  P i t  A 

NO r e c y c l e  

No r e c y c l e  

No r e c y c l e  

F ine  E l i n c r a l  a f t e r  s e t t l i n g  

7 th  recycle 

7th  r e c y c l e  

7 t h  recycle 

Lover M o t t l e d  Clay  O i l  Sands  

No r e c y c l e  

No r e c y c l e  

No r e c y c l e  

D i s p l a c i n g  
Reagent;': 

SaCl2  

L i C l  

None 

BaCI2 

L i C l  

None 

BaC12 

L i C l  

None 

T o t a l  conc .  of c a t i o n s .  mN 
Na - 

5 . 8  

4 . 6  

3 . 1  

1 6 . 9  

1 4 . 1  

8 . 2  

14 .5  

6 . 8  

5 '7  

2% 

1.2  

1.0 

hn 

1 . 6  

1 . 7  

3 . 9  

11.4 

1 5 . 8  

9 . 6  

Ca - 

4 . 2  

4 . 7  

m 

8 . 9  

10 .1  

ND 

9 . 3  

6 . 4  

ND 

C.E.C. 
meq./100 0. 

10.5 

1 1 . 5  

2 1 . 0  

1 9 . 0  

12  .o 

12.0 

W e a g e n t  uscd t o  d i s p l a c e  exchange  c a t i o n s  f rom c l a y  in sample 
EaC12, 0.05N; L i C 1 ,  0.5N i n  s a m p l e .  85OC 

,,.. .. iwne, che control, shows t h c  amounts of c a t i o n s  i n  t h e  aqueous p h a s c  b e f o r e  a d d i t i o n  
of t h e  d i s p l n c i n p  r e a g e n t .  

hTl = not  d e t e c t e d ;  lower l i m i t  i s  p r o b a b l y  5 ppm or l e s s  

TABLE 7 

EXPERE.iEN"S OS THE ISTEPACTLOA OF ALlDED ELECTROLYTES 
U I N E F A L  FIXES I N  THE HUC WATER EXTRACTION PROCESS 

All runs a t  o p e r a t i n g  pH, 8 . 4 ;  no r e c y c l e  

P e r c e n t  Add@ P r i m a r y  

Clay- mN 1. 
Added big F r o t h  Y i e l d  

M i x t u r e  of h i g h  q u a l i t y  o i l  sand.:; w i t h  added c l a y  

0 0 83 

30 0 63 

0 2 82 

30  2 5 

0 6 73 

10 0 91  

10 6 57 

September S h a l e y  P i t  A 

0 0 

0 2 

58 

23 

7, M i n e r a l  i n  
F r o t h ,  D.B. 

0 .8  

5 . 7  

6 . 5  

11.1 

9 . 0  

5 . 1  

2 . 5  

9 . 0  

9 . 6  

YII a a u i  was chosen  as che  base because  it h a s  as close t o  z e r o  f i n e s  
c o n t e n t  a s  we h a v e  a v a i l a b l e ;  15.5% o i l i  l e s s  t h a n  2% f i n e s .  



a r e  subject to a random er ror ,  and this i s  evidenced by a rather large difference of the sets of 
Sodium analysis. However, when the results of 4-5 analyses a r e  combined additively, quite good 
W-eement is obtained on the Cation Exchange Capacity (C. E. C. ). Second, the samples with 
"no recycle" represent middlings a s  generated in the laboratory with no settling. Hence higher 
Percentages of non-clay minerals will result in a lower C. E. C. The "7th recycle" sample repre- 
sents fine mineral after settling and hence has a higher percentage clay, smaller particles, and 
probably a somewhat higher percentage of high exchange clays such a s  montmorillonite. These 
measurements of C. E. C. a r e  in good agreement with the values which can be calculated from the 
known mineralogical composition. 

Effect of Cation Concentrations on Middlings Viscosily 

were made on a sample of settled middlings which was normal rheology. To this sample (about 
9 percent fine mineral) was added known quantities of two cations. These added cations were 
beyond the cations already present in the middlings from the normal procedure. The results 
a r e  a s  follows: 

As an example of the effect of cations on the viscosity of clay suspensions, measurements 

Viscosity, centipoise 
Rheopectic, after 

Added Cation Immediate 15 min. . 6 r .p.  m.  

None 
6. 6 mN Na+ 
0 . 7  mN Ca" 

3 
5 
5 

5 
75 
50 

These results show the effect of divalent cations as much greater than the monovalent ions, 
in agreement with the generalizations such as the Hofmeister series. 
made to confirm that the response of the middlings clay suspensions to cations fell in the usual 
pattern. 

These measurements were 

Controlled Experiments on the Effect of Cations on the Extraction Process  

The effect of added ions on the hot water extraction process w a s  first reported by Clark 
and Pasternak (3); the Clark procedure was adopted for the Edna, California, oil sands by using 
a cold water wash to remove soluble salts (4). Clark's work was prompted by difficulties in 
processing a deposit just up the Cleanvater River from Fort McMurray. Although no evidence 
was given, he believed them to be soluble salts present in the formation. He then showed that 
rather massive (by our results) doses of magnesium or calcium salts could reduce froth yields. 
In the experiments to test the effect of cations, Clark used oil sands of a s  low fines content a s  
could be found. We agree that M* concentrations of the order of 20-60 millinormal in the 
middlings a re  required to decrease froth yield for low-fines oil sands. 

Three factors prompted us  to design the experiment to be described. 
1. Although there is a rough inverse correlation between oil content and primary froth 

yield, the spread of the points is very wide. For example, different oil sands of 10 
percent oil content have been found that yield primary froth in the range from zero to 
90 percent. An additional parameter has long been sought. 

2. The behavior of medium and poor grade oil sands in processing and the properties of 
middlings when electrolytes have been added suggest that cations have an effect in 
the primary separation process as well a s  through increasing the viscosity for the 
settling step. 

3. The phenomenon described in (2) is frequently associated with the mineral content of 
the separated oil. This mineral content is vital in determining the proportion of the 
oil which will float a8 froth. There is reason to believe that in the presence of cations, 
the separation of the mineral becomes less  and less  effective. 

EXPERIMENTAL 

A series of controlled experiments were organized in which the separate effects of cations 
and clay were evaluated and then the interaction evaluated in a further experiment. The standard 
procedure of conditioning and flooding was used; the additives were introduced in the f i r s t  stage 
of conditioning. A s  a base for the experiments an oil sand a s  free from mineral fines a s  possible 
was used. Clay from a uniform seam of essentially zero oil content was used. The complete 
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control was not possible in the experiment on Shaley Pit A (17 percent fines), but it wa8 used 
because it represents the only other important type of high-fines o i l  sand. 
was used to supply the cation because the analytical results had indicated that cation. Earlier 
results indicated that the Shaley Pit A had no magnesium in the initial middlings, and the seam 
clay yielded 2.0 mN magnesium. 

Magnesium chloride 

RESULTS 

The results of these experiments a r e  shown in Table 7. For both of the basic types of 
high-fines oil sand the conclusion is unequivocal: the combination of mineral fines and a cation 
such as magnesium resul ts  in drastically lowered primary froth yields. The mineral content of 
the froth is  of limited value because it is based only on the fraction of the oi l  that floats, and that 
fraction is ,  of course, only the portion of low mineral content. For a given sample and pro- 
cedure, flotation gas content is reasonably uniform. To return to the main point, there is now 
clear-cut experimental evidence for an additional parameter to help u s  understand differences 
in primary froth yield. 
in its interaction with mineral fines (clay). 

This parameter, liberation of soluble cations, is  primarily effective 

DISCUSSION 

In describing the development of the understanding of the oil sand processing in this paper, 
many of the points have already been discussed. In reviewing the ser ies  of experiments the 
following points a re  worthy of emphasis in summary. 

1. In laboratory work with the s t i r red reactor, a progressively decreasing solids content 
yields a froth of minimum, uniform mineral content. One of the key elements seems 
to be high shear  in a relatively viscous mixture. Conditioning with fresh water pro- 
duces a better yield and quality of froth than when recycle middlings a r e  used in 
conditioning. 

2. The laboratory middlings recycle procedure provides an excellent tool for studying 
the properties of middlings. A plot of middlings viscosity against mineral content 
is a useful method of characterizing the settling operability of a given oil sand. 

3. A s  inoperability is approached, the viscosity plot begins to curve upward sharply. 
The behavior can be understood from a simple mathematical expression of the kinetic 
factors involved: 

Viscosity increase (or degree of agglomeration) = constant X (mineral fine@ 

X (soluble electrolytes) 

This expression shows that the components which accumulate during recycle jointly 
will produce a third order effect in the kinetics of clay agglomeration. This agglomer- 
ation results in sharp upward r i se  in viscosity a t  high levels of mineral content. 

4. All comparisons we have been able to make to performance of the Field Test Unit 
show complete correspondence to laboratory results such a s  in Item 3 above. For 
example, electron micrographs of mineral fines show essentially the same morphology 
of the very fine mineral in samples from both sources. 

5. The contribution of soluble electrolytes to undesirable rheological properties of middl- 
ings has been assessed in a number of ways. 
a. The increase in conductivity of the middlings in successive cycles i s  a good indicator 

of this factor. The results a r e  in accord with the several accepted reactions of 
sodium hydroxide with clay. 

b. Dialysis to remove electrolytes eliminates the undesirable non-Newtonian rheology. 
C.  As expected, divalent cations have 5 to 10 times the effect for monovalent cations 

d. Analysis of the supernatent water shows the presence of Mg++ in samples which 
at equivalent concentrations. 

have non-Newtonian rheology. These samples were "normal" oil sands after 7 
recycles or "abnormal" samples in the first cycle. 

e .  Determination of the exchange cations in the fine mineral of these samples shows 
that the abnormal samples contain large amounts of Mg++. 

This and other evidence leads us  to believe that these ions originate in both the exchange 
capacity of the clay and in the connate water. 

6. if appreciabie amounts of the "abnormai" type of oii sands are  encountered in iarge 
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1. 

2. 
3. 
4. 

scale processing, the middlings density will have to be held at levels much lower 
than normal. A control on make-up water from middlings viscosity would be desirable. 

7. Results of the preceeding studies suggested that soluble electrolytes could be an im- 
portant parameter in the froth yield from oil  sands of medium and high fines content. 
A set of controlled experiments showed that low levels of added electrolytes had no 
effect on oil sand free of fines. When clay was present, interaction of the clay and the 
electrolyte led to  pronounced decreases in froth yield. Therefore, the primary froth 
yield of a given average of worse oil sand will be determined by the fines content plus 
the amount of (divalent) cation released to the process water. 

\ 
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RETORTING UNGRADED OIL SHALE AS RELATED TO IN SITU PROCESSING 

BY 

H. C. Carpenter, S .  S. Tihen, and H. W. Sohns 

U. S .  Department of Interior, Laramie, Wyoming 

INTRODUCTION 

Laramie Petroleum Research Center, Bureau of Mines 

Processes to recover oil from oil shale by in situ retorting a re  currently of great interest. 
Many investigators (1,2,3,4,5) have considered the possibilities of such a process because elim- 
ination of mining, crushing, and transporting the oil shale, and of disposing of the spent shale, 
could result in economic advantages over conventional aboveground processing. An in situ retort- 
ing technique may also make possible recovery of oil  from deposits that a r e  too deeply buried, 
too lean, o r  in beds too thin to be suitable for mining. 

In situ retorting and recovery processes based on using nuclear explosions to fracture 
the oil shale have been discussed in the literature for several years (1,2,3,4,5). The fracturing 
would be accomplished by detonating a nuclear explosive near the bottom of an  oil shale section 
at sufficient depth to insure complete containment. Following the detonation, collapse of the 
shale above the point of explosion would result in a nuclear chimney full of broken shale similar 
to a large batch retort. The size distribution of this broken shale would be different from that 
of any retorting charge previously investigated. 

based on nuclear explosions in other rock types have been made about the size of a nuclear chim- 
ney in oil shale and the extent of fracturing beyond the chimney area  (1,2,3). Assumptions based 
on particle size studies (3) indicate that pressure drops through a rubble column o r  nuclear chim- 
ney in oil shale should be low. Complete determination of the chimney characteristics, including 
radius, height, properties of the rubble column, and extent of the surrounding fractured area, 
will require a nuclear fracturing experiment in oil shale. 

Following the development pf the nuclear chimney, a retorting method that will recover 
most of the potential shale oil contained in the rubble column must be used. This method will 
be  a batch operation capable of processing a mass of broken oil shale that will have a hi@ bulk 
permeability, that will vary in size from sand-grain-sized particles to pieces several feet across, 
and that will vary in richness from barren shale to shale assaying 50 or more gallons per ton. 

Previous research work on large-scale batch retorting methods which was done by the 
Bureau of Mines near Rifle, Colo. (e), studied the effects of particle size, air  rates, and recycle 
gas rates on product recovery. A i r  rates studied ranged upward from 5 standard cubic feet per 
minute per square foot of retort  cross section with recycle gas-to-air ratios of 0:l to about 3:l. 
The retorts were operated using narrow particle size ranges. All fines, material smaller than 
1/2 inch, were removed by screening, and the maximum particle size used was generally about 
3 - l h  inches. The yield of oil from this experimental program ranged from about 60 to 90 percent 
of Fischer assay depending on particle size and grade of shale. This research did not include 
processing of large particles at low retorting rates. 

The present study was started to determine the retorting characteristics of oil shale un- 
graded in size and varying greatly in richness. In general the oil shale charge used in the study 
has been mine-run material up to pieces as large as 20 inches in two dimensions. The third 
dimension may be as large as 36 inches, but because mine-run oil shale tends to be slabby this 
dimension probably averaged from 12 to 18 inches. Grade of the charge ranged from 26.0 to 
48.0 gallons per  ton by Fischer assay. 

minute per square foot of retort cross section. Recycle gas-to-air ratios have ranged from 
0:1 to 4.27:l. These conditions have resulted in operating temperatures up to about 1,500"F. 
Yields of oil as high as 80 percent of Fischer assay have been obtained. 

The properties of such a mass of broken oil shale a re  largely unknown. Predictions 

A i r  rates that have been investigated ranged from 0.58 to 1.94 standard cubic feet per 
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FIGURE 1. - Experimental o i l  shale retort .  
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FIGURE 3 .  - Block of retorted, par t ia l ly  burned sha le .  
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EXPERIMENTAL PROCEDURE AND RESULTS 

Apparatus 

gation. The overall height of the unit is 34 feet. The retort vessel is 6 feet in diameter by 
12 feet tall and has a cast refractory lining tapering from 6 inches thick at  the bottom to 8 inches 
thick at the top. The vessel is suspended from the superstructure at three points to allow for 
expansion during the retorting operation. An electric hoist at  the top of the superstructure, 
which extends 10 feet above the vessel, is used to load the oil shale charge. 

A simplified schematic diagram (Fig. 2) shows the retort  vessel and associated equip- 
ment. Auxiliary items a r e  three recovery tanks, a recycle gas blower, and a primary air blower. 

Located at  the top of the retort  vessel i s  a natural gas burner used to heat and ignite the 
shale charge. Natural gas supply for the burner is obtained from a gas line operating at about 
5 p i g .  All of the gas supplied to the burner i s  measured, and samples for analysis are taken 
periodically. 

Temperatures were measured and recorded by means of thermocouples inside thin-walled 
stainless steel tubes at  18-inch vertical intervals in the shale bed. 
contained four thermocouples evenly spaced from the center to the outside edge of the bed. Addi- 
tional thermocouples were attached to the outside shell of the retort  vessel, to the gas meter,  and 
to other points of interest. Temperatures were recorded by multipoint strip chart electronic 
recorders. 

Rotary blowers were placed in the first  two recovery tanks to agglomerate shale oil mist. 
The recycle gas blower was used.for the same purpose, and the third tank was used for recovery 
of oil agglomerated by this blower. 

In addition to the temperature recorders the instrumentation includes two gas flow- 
recorder-controllers and a process chromatograph. The flow-recorder-controllers are pneu- 
matic instruments and were used to regulate and measure flow of recycle gas and stack gas. Gas 
sample inlets for the chromatogkaph were located a t  several points in the shale bed and also in 
the stack gas stream. 

Oil Shale Charge 

obtained from the mine at Anvil Points Research Facilities near Rifle, Colo. Obtaining a repre- 
sentative sample of material varying widely in size and oil content is difficult, and the reliabil- 
ity of results based on these samples will have limits. To increase the reliability a procedure 
using the entire charge a s  a sample was developed. In this procedure the charge was segregated 
roughly by size into two parts, and all  of the larger pieces were sampled by breaking them per- 
pendicular to the bedding planes. 
procedure. 

per ton a s  shown in Table 1, arranged in order of increasing oil yield a s  a percentage of Fischer 
assay. Table 2 gives analyses of typical shale charges used in this study. 

Since screening equipment of sufficient capacity was not available, it was necessary to 
determine the size distribution of each charge by separating the particles into the size catagories 
shown in Table 3 by actual measurement. Table 3 shows size distributions for several typical 
oil shale charges. 

The oil shale charge was carefully loaded into the retort to avoid further breaking of the 
pieces. Shale particles were placed in the retort  randomly in an attempt to avoid segregation 
by size. 

Retortins 

Length of time the burner was used ranged from a few hours to a few days. In general, external 
heating was not required after the top of the shale bed had been heated to about 350°F. At this 
temperature, stopping the flow of natural gas resulted in an immediate increase in the tempera- 
ture of the shale bed because more oxygen was available for combustion of the shale. 

in the stack gas, o r  on both factors. In some of the experiments a maximum bed temperature 
was chosen and air and recycle gas-flow rates were adjusted to maintain this temperature. In 
other experiments the flow rates were adjusted to maintain a minimum oxygen concentration in 
the stack gas and in still others to maintain a chosen oxygen concentration and a chosen tempera- 
ture. In the series of experiments described here, two were made using air only with no recycle 
gas. 

Figure 1 is a photograph of the Laramie 10-ton aboveground retort used for this investi- 

Each tube or  thermowell 

The oil shale charge for each experiment was prepared from mine-run shale that was 

The smaller pieces were sampled by a cone and quartering 

Oil shale assay of the charges for these experiments ranged from 26.0 to 48.0 gallons 

Retorting of the oil shale charge was started by heating with the natural gas burner. 

Control of the retorting operation was based on bed temperature, on oxygen concentration 
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Retorting runs were continued until the combustion zone reached the bottom of the retort. 
This point was determined from temperature measurements and also from sudden large increases 
in the oxygen concentration in the stack gas when these increases were caused by a decrease in 
the amount of carbonaceous material available for fuel. Retorting was assumed to be complete 
when the bottom thermocouples were at an average temperature of 900°F. and material balances 
were calculated over this period. 

Spent, partially burned shale was dumbed from the retort and sampled. Samples were assayed' 
for  oil content and analyzed for carbon, hydrogen, nitrogen, and sulfur. Typical analyses are  
shown in Table 4. 

During the retorting operation liquid products were collected in three recovery tanks. 
Par t  of the liquid product drained from the bottom of the retort and was collected in the first 
tank. However, much of the oil left the retort as a stable mist so mechanical methods of 
agglomerating were required. Impellors were placed in the first two recovery tanks to agglom- 
erate mist particles, and the recycle gas blower was used for the same purpose. Oi l  agglomer- 
ated from the mist was collected in the three recovery tanks. Some oil mist or vapor was 
vented. Although no attempt was made to recover this material, the amount was determined by 
adsorption of oil from a measured quantity of waste gas. 

The oil and water mixture was taken from the tanks at the conclusion of each experiment, 
and because shale oil and water form stable emulsions both gravity and distillation were used to 
separate the two. After separation samples of water and of oil were analyzed. Preliminary 
work, which will be expanded, indicates that the water contains some soluble organic compounds 
a s  well a s  inorganic materials. Selected properties of the oil samples a re  shown in Table 1. 

Gas samples taken from the retort were continuously analyzed during each experiment. 
These analyses were used to control the operation, and to observe the progress of the combustion 
zone. Average values of each constituent in the stack gas for each experiment are  given in 
Table 1. 

Following the retorting the shale charge was cooled in the absence of air. When cool, the 

DISCUSSION 

Oil Recovery 

shown in Table 1.. The major part of these variations in yield is due to changes in the measured 
and controlled operating variables such as air rate, recycle gas-to-air ratio, and Fischer assay 
of the oil shale charge, but the remainder of the variations in yield are due to uncontrolled vari- 
ables such as shale particle size distribution and location of the particles in the retort  bed. The 
effects of these uncontrolled variables may be of major importance in the retorting of an actual 
nuclear chimney in oil shale. 

(4,6) for other internally heated retorts using carefully sized oil shale charges. However, for 
ungraded charges yields would be expected to be somewhat lower. 

Losses of potential oil can be attributed to several factors. One such loss is s h o w  in 
the first  column of Table 4, where 21.1 gallons of oil per ton remained in the discharged shale. 
This type of loss can be caused by channeling or by operating at gas-flow rates too high to com- 
pletely retort the large pieces. Another loss is due to oil discharged with the stack gas as vapor 
or oil mist. The loss averages about 5 pounds per ton of oil shale charge. Improvements in the 
recovery system can eliminate this loss. A third type of loss may result from burning the oil 
a s  i t  is formed or by burning the residual organic matter before the oil has been drained away. 
Losses of this type may be minimized by adequate control of the process parameters including 
air and recycle-gas flow rates and bed temperatures. 

Oil yields from 27.9 to 80.8 percent of Fischer assay were obtained from the 13 runs 

An oil yield of 80.8 percent of Fischer assay io not as high a8 yields reported previously 

Retorting Rate 

Der sauare foot of retort cross section, depending on operating conditions. No relationship 
Retorting rates covered by this study ranged between 1 and 17 pounds of shale per hour 

between retorting rate and oil yield was observedduring this preliminary investigation. 

Liquid Product Properties 
h appearance, oil from the 10-ton aboveground retort is similar to oils produced by other 

internally heated retorts. The oil is black and viscous, has relatively high pour point, and has a 
distinctive odor. Selected properties of the oils a r e  shown in Table 1. Murphy (4) has shown that 
oils produced in conventional retorts operating near maximum conversion have similar properties. 
Table 5 compares the properties of the oils discussed by Murphy and some of the oils recently 
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TABLE 2. - Analyses  of  t y p i c a l  o i l  s h a l e  cha rges  

Sample number 
O i l ,  F i s c h e r  a s s a y ,  g a l l t o n  
Water ,  F i s c h e r  a s s a y ,  g a l l t o n  

Mine ra l  c a r b o n ,  w t  p c t  
Organ ic  c a r b o n ,  w t  p c t  
T o t a l  c a r b o n ,  w t  p c t  

Hydrogen, w t  p c t  
N i t rogen ,  w t  p c t  
S u l f u r ,  W t  p c t  

Gross  h e a t i n g  v a l u e ,  B t u l l b  

6 
33.6 

2 .4  

4.81 
13.28 
18.09 

1.88 
.44 
.58 

2642 

7 
48.0 

4 . 6  

4 .55  
1 6 . 7 9  
21.34 

2 .34  
.56  

1.02 

3454 

14 11 
30.8 26.0 

1.8 2.8 

4.96 4 . 5 1  
12.43 10.27 
17.39 14.78 

1 .82  1.53 
.39  . 3 5  
.79  .72 

2398 2037 

TABLE 3. - P a r t i c l e  s i z e  d i s t r i b u t i o n  of s h a l e  c h a r g e s ,  we igh t  p e r c e n t  

P a r t i c l e  s i z e ,  Sample number 
i n c h e s  6 7 14  11 

- 2  

+2 -6  

+6 -12  

30'1 72.0 
36.9 13.0 

4 .8  38.9 6 . 5  

13 .9  1 0 . 3  15 .9  9.2 

+12 -20  14.8 20.7 18.4 6.3 

+20 29.6 1 7 . 1  29.0 12 .5  

TAB= 4 .  - Analyses  of d i s c h a r g e d  o i l  s h a l e  c h a r g e s  

Sample number 6 7 14 11 
O i l ,  F i s c h e r  a s s a y ,  g a l / t o n  21.1 0 1.0 0 
Water ,  F i s c h e r  a s s a y ,  g a l l t o n  1.7 0 . 8  0.5 0 . 8  

M i n e r a l  c a r b o n ,  w t  p c t  
Organ ic  c a r b o n ,  w t  p c t  
T o t a l  ca rbon ,  w t  p c t  

Hydrogen, w t  p c t  
N i t r o g e n ,  w t  p c t  
S u l f u r ,  w t  p c t  

4.42 3 .34  3 .48  2.19 
8.26 1 . 6 5  3.71 1 .43  

12.68 4 . 9 9  7.19 3.62 

1.05 0.14 0 .23  0.14 
0.36 0.12 0 .21  0 .09  
0.70 0 .93  0.82 0.74 

Gross  h e a t i n g  v a l u e ,  B t u / l b  1528 153  504 137 

TABLE 5 .  - P r o p e r t i e s  o f  s h a l e  o i l s  

Conven t iona l  r e t o r t d l  Aboveground r e t o r &  
Gas Experiment  No. 

P r o p e r t i e s  Gas-f low combust ion N-T-U 14 11 

G r a v i t y ,  "AP: 17 .3  20.0 22.0 25.2 23.0 
Pour  p o i n t ,  F 8 0  85  90 70 72 
V i s c o s i t y ,  SUS 210'F 58.0 50.4 45 .8  36 38 

N i t r o g e n ,  w t  p c t  2.20 2.09 1 .90  1.60 1.92 
ASTM d i s t i l l a t i o n ,  OF 

S u l f u r ,  w t  p c t  .70 . 6 3  .EO .78 .77 

I n i t i a l  b o i l i n g  p o i n t  225 2 90 196 122 122 

50 p e r c e n t  d i s t i l l e d  641  662 690 735 
5 p e r c e n t  d i s t i l l e d  463 446 436 348 3 92 

Cut p o i n t  660 694 680 810 810 
Recovery,  p e r c e n t  77 4 9  7 1  75 66 

- 1/ 
- 2 /  

Desc r ibed  by  Murphy (4). 
E q u i v a l e n t  ASTM d i s t i l l a t i o n  was c a l c u l a t e d  from c rude  o i l  
diidlyb is d i s  L i i  l d  L iuu .  

4 '. 
J 

f 

i 

/ 

1 

f 
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produced in the aboveground retort. The oil from the aboveground retort has a higher API gravity, 
lower pour point, and lower viscosity than the oils obtained from the other retorts. Sulfur and 
nitroken contents a r e  essentially the same. 

Gas Composition 
An average gas analysis for each experiment is given in Table 1. These gases have little 

fuel value and consist mainly of nitrogen and carbon dioxide. Small quantities of oxygen, carbon 
monoxide, methane,, and higher hydrocarbons are  present. The higher hydrocarbons a r e  ethane 
and ethylene. Only trace quantities of propane have been observed. 

Enerm Considerations 
An efficient batch retorting process should be able to derive most, o r  all, of its energy 

needs from combustion of the carhonaceous residue remaining on the spent shale. This residue 
amounts to about 25 weight percent of the organic matter that was present in the raw shale, and 
has a theoretical heating value of from 200 to 300 Btu per pound of raw shale. Since approxi- 
mately 260 Btu are required to raise a pound of 28-gallon-per-ton raw shale to 900°F and retort it 
at that temperature (7), little or  no heat other than that supplied by combustion of the organic 
residue is needed. 

on the spent shale can be used a s  fuel. 
portion of the larger particles may not be oxidized. 
too low to produce a useful amount o r  level of energy a s  the fuel is  progressively burned from the 
outside portions of the particle. Therefore, in certain instances some additional fuel may be 
required. 

shale charge. Previous batch retorting (6) required 10,000 to 13,000 scf of a i r  per ton. Both air  
and fuel requirements a r e  related to the efficiency of the retorting system, with heat losses from 
the retort  vessel accounting for a major part of the energy needs. 

When retorting large particles of oil shale not all of the carbonaceous material remaining 
Figure 3 shows that a part of this material in the central 

Furthermore the rate of combustion may be 

The total volume of a i r  used for these experiments varied up to 77,000 scf/ton of oil 

SUMMARY 

Retorting oil shale ungraded a s  to size and oil content such as might be expectcd in a 
nuclear chimney is technically feasible. Yields a s  high a s  80 percent of Fischer assay have been 
obtained by retorting ungraded shales with a maximum particle size of 20 inches in two 
dimensions. 

other internally heated retorts but they tend to have more desirable properties. Their API 
gravities are higher, and their pour points and viscosities a re  lower. These more desirable 
properties a re  advantageous for transporting the oils o r  for further processing. 

Sufficient carbonaceous material remains on the spent shale to furnish the energy re- 
quirements of the retorting process; however, in the larger particles this material may not be 
readily available for fuel. Air requirements for the experimental work varied widely. 

The oils produced from these ungraded oil shale charges are  similar to oils produced by 
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JOINT SYMPOSIUM ON OIL SHALE, TAR SANDS, AND RELATED MATERIAL 
PRESENTED BEFORE THE DIVISION OF PETROLEUM CHEMISTRY, INC. 

AND THE DIVISION OF WATER, AIR, AND WASTE CHEMISTRY 
AMERICAN CHEMICAL SOCIETY 

SAN FRANCISCO ,MEETING, April 2-5, 1968 

REFINING OF PYROLYTIC SHALE OIL 

BY 

D. P. Montgomery 
Phillips Petroleum Company, Development Division, Bartlesville, Oklahoma 

I. INTRODUCTION 

Because of revived interest  by both industry and government in the production of petrol- 
eum products from oil shale, a pilot-scale study of the refining of pyrolytic shale oil was made 
by Phillips Petroleum Company. This study used current refining technology and incorporated 
no novel or unproved refining steps. Only commercially available catalysts were employed. 

The question to be answered was not whether shale oil can be refined to a synthetic 
crude and then to finished products, but what refining severity is required to reduce the nitrogen 
to a satisfactory level for continuous processing in a conventional refinery and what yields and 
qualities of the products would result. 

recovering oil from these shales were presented in 1964 (7). A se t  of papers citing recent re- 
fining developments was-published in 1966 (1). Pyrolytic shale oils a r e  characteristically high 
in concentrations of nitrogen, sulfur, and oxygen; concentrations a r e  typically two, one, and 
one per cent, respectively 
catalysts, its removal is of paramount importance. The oils a r e  black, waxy, and foul smell- 
ing, with high pour points and viscosities and high concentrations of olefins and diolefins make 
them unstable. A detailed description of shale oil is given by Hellwig, e t  a1 (4). Facilities for 
refining may be  non-existent at shale retort  locations, since known oil shales a re  located in 
remote areas that a r e  mountainous, arid,  and cold. 

coking and hydrostabilization a t  the retort ,  followed by pipeline delivery to a refinery near a 
marketing area. There the oil would be hydrodenitrogenated (HDN) in one or more passes,  
fractionated, and those distillates requiring further nitrogen reduction would be separately pro- 
cessed. Naphtha would be reformed and heavier distillates would be catalytically cracked. In 
pilot-plant operations we found that one-pass HDN of the hydrostabilized coker distillate was 
sufficient for distillates heavier than naphtha, In fact, the 400-650°F distillate was a satisfactory 
diesel fuel without additional processing. Both 40W"F and 65Ot'F distillates were catalytically 
cracked. A second-pass HDN of the hydrostabilized coker distillate was carried out, but the 
fractions were not further processed. 

The following sections present in sequential order the experimental details, product 
properties, and yields for each refining step. Figure 1 is a block diagram of the processing 
scheme; in  this figure areas  separated by dotted lines represent the process steps. 

Domestic oil shale locations and a thorough statement of the problems associated with 

Because nitrogen is a potent poison for modern acidic type refining 

For  this study the most economic sequence of refining steps was postulated to be recycle 

II. FEEDSTOCK (RAW, PYROLYTIC SHALE OIL) 

The shale oil used a s  raw feed was obtained by pyrolysis of a Colorado oil shale. Proper- 

Determination of the consumption of hydrogen in many of the refining steps is important. 
ties of this oil  a r e  given in Table I. 

Since this determination was based upon a balance of the hydrogen contained in feeds and products, 
UUsual accuracy was required in analyses of the liquids processed. The requisite accuracy was 
attained by comparing the nuclear magnetic resonance spectra of protons in feedstocks and pro- 
ducts and relating these spectra to those of pure hydrocarbons of approximately the same hydro- 
gen content. A statistical study of this procedure by R. S. Silas of Phillips Petroleum Company 
has  shown that hydrogen content can be determined to 2 0.05 per cent, a t  a 95 per cent confidence 
level (8). 
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T A B U  I 

COKING - 
Conditions: 14 psig, 810 F, 0.208 vola/coker vol-hr. 

Yields, % R.S.O. 

Hydrogen 
Hydrogen Sulfide 
$1, thane 
Ethylene 
Ethane 
Propylene 
Propane 
Butylenes 
i-Butane 

W t .  
0.09 
0.11 
1.39 
0.42 

0.67 

- 

1.16 

0.67 
0.87 

0.14 

n-Butane 0.44 
Pentane and Heavisr81.43 

12.61 Coke 
100.00 
- 

'Coke d m  f i l l e d  i n  32 hours. 
bNo f ree  water was observed i n  the 
'Not s tab i l ized .  

dFrom another run. 

Conditions : 

Hydrogen 
Water 
Hydrogen su l f ide  
Methane 
Ethane 
Ropylene 
Ropane 
Butylenes 
i-Butane 
n-Butane 
Pentanes and 
heavies 

Total  

Properties 
RSOb CokerC 

API Gravity 19.5 26.9 
- D i o t .  Coke 

Pour Point +75 +40 
VlS., C ~ 1 0 0  - 5-05 
" " a210 - 1.55 
Anlline Point - 83.6 
Mol. U t .  - 252 
B r .  No. - 45.3 
Carbon Res, w t  $ 3.08 0.4d 
Composition, w t  $ 

C 84.6 84.3 89.5 
H 
S 
0 
N 
Ash 

_ _  
10.84 11.30 3.4 
0.61 0.54 0.32 
1.5 1.2 2.34 
2.2 2.0 4.5 

0.55 

raw shale oil', 

T A B U  I1 

HYDROSTABIUZATION 

470 F (455 i n l e t ,  485 ou t l e t ,  exothermicAT), 500 psig, 0.89 LHSV, 
1150 SCF hydrogedbbl coker d i s t i l l a t e ,  F i l t r o l  475-8 ca ta lys t  
(pre-sulfided cobalt-molybdenum on alumina). 

- Yields Properties of Cr; + Uquid  
% Coker D i s t i l l a t e  ,% R S O  API Grav. . 29.0 
E x  v s  Pour Point, F +40 

-0. 71a -0.58 V i s  100 F, CS 4.51 
0.07 0.1 
0.02 
0.03 
0.01 
0.01 
0.02 
0.01 
0.01 
0.01 

100.52 101.7 
100.71 101.8 

- 

aHydrogen Consumption 414 SCF/bbl feed 

0.06 
0.02 
0.02 
,o . 01 
0.01 
0.02 
0.01 
0.01 
0.01 

81.8 86.8 

1' 210 F, (1 1.46 
Aniline Point, F 94.7 
Bromine No. 37.2 
Composition 

C 84.3 
H 11.93 
S 0.49 
0 0.83 
N 2.0 

Dis t i l l a t ion  (Corr. t o  1 a t m j  
IBP 120F 
10% 330 
20% 412 
30% 476 
40% 516 
50% 561 
60% 608 

80% 7 08 
9 :% 769 
EP 900 

7'3% 655 
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API Gravity 

H, u t  % 

s, ppm w t .  

c ,  u t  % 
N, t o t a l  ppm w t .  
!J, basic,  ppq w t  

RON, Clear 
RON, +3 m l  PEL 
Cetane NO. 
Pciir Point F 
saturatesb 
A F O m a t . i C S b  
O l e f l n s b  
Paraffins 
I:orocyclicnaphthenes 
Dicyc l ixaphthenes  
Benzenes 

ASTM Color 
Vis, 100F, SUS 

!ie?.*y Aronatlcs 

-1 

HYlJRODEiITRCQXATION C FRACTIONATION OF 

HYDROSTABILIZED COKER DISTILLATE 

Conditions: 1502 psig, 812 F, 1.002 IHSV, 5200 SCF hydrogedbbl feed, 
Harshaw 4303-E c a t a l y s t  (nickel-tungsten on alumina, 
pre-sulfided) 

Yields 
% of Feed % of Raw Shale Oil 

!A. E. 
Hydrogena 
Water 
Hydrogen sul f ide  
h o n i a  
Methane 
Ethane 
Propane 
i-Wltane 
n a t a n e  
C 180 F 
1&-400 F 
400-650 F 
65C+ F 
Tota l  

-3.41 
0.92 
0.31 
2.42 
1.21 
1.21 
1.16 
1.96 3 . 1  , 
0.91 1.4 
3.29 4.3 

:‘0.7a 34.9 
A4.96 47.3 _- 4.28 14.8 
11 13.41 105.8 

-2.79 
0.84 
0.25 
1.Y9 
0.99 
0.99 
0.96 
1.61 2.7 
0.77 1.2 
2.71 3.7 

24.96 30.1 
36.86 41.3 

84.59 91.9 

%ydrogen Consumptii n 1970 SCF/bbl 

PROPIXTIES OF li;*DRODWITRffiENATEO LIQUID F’RCDUCTS 

Tota l  Liquid 
Products 

42.1 
86.06 
13.84 

911 

60 

69.6 
27.5 
2.7 

” ZlOF, cs 
Mol. W t .  
Carbon Res., Ram., 

Carbon Res. Rams. ,  16 Btms. - 
Flash Point, F, P. M. 
Storage S t a b i l i t y ,  

hipont (Nalca) 
pad rating 

Fuli range 

Copper Corrosion 

Cc-1EOF 
16.8 
- 
10 

110 
61.4 
62.2 - 

- 

- 

160-4OOF 

51.3 
85.19 
14.19 

240 

10 
32.6 
61.4 

47.7 
34.5 

2.4 
13.2 
2.2 - 

- - - 
.- 

40% ? 

36.1 

I10 
415 
11 

- 

+r5 
67.8 
26.2 

6.0 

1.46 

0.03 
234 

Chicago Area 
4CCS50P Die?e l  Fuel Spec. 

37.5 

695 

3: 4000 sZX. 

5C.2 50 nul. 
-15 m u .  .. 

-11 

- 
- 
- 

< 1.6 2 max. 
36.1 33 m m .  

45 m. 

0.31 C.02 may 

o.1e 0. l j  ea;; 
S1. taraish 3 IT-. 

210 150 min. 
7 7 max. 

5.222 
34.9 

1 C C  . 

+95 

I 

3.21 

C . l  
340 

asnap -ample taken a f t e r  100 h r s  continuous operatla” - contains 0.4 w t  $ C +i: 
b& FIA Analysis - o l e f i n s  not  r e l l a b l e .  

3 4%”. 
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TABLE V - 
K?JJH~D4ITR%!GVATI@I OF NliMTHA PROPERTIES OF NAFHTHA AFTER HDN 

Conditions: 1500 p+, 6983, 0.988 LHSV, 4730 SC,Q hydrogsn/bbl feed 
Harahaw 4303-E catalyst  (nickel-tunpten on allmrina, We- API Gravlty 54.0 Asm Disti l lation 
aulfidsd) RON. clear 20.0 IBP 246 

Yields. Percent 
Feed Raw Shale O i l  - m w w t  - V O l  

-0.31 

c2 1.25 0.31 
1 3 5  0.34 9 1:U 2.1 0.36 0.7 

0.08 

1.18 1.6 0.29 0.5  

aHgdrogen Consumption - 627 S F h b l  
bseparator liquid product, not stabil ized 

m; +3ml TEL 52.8 5 
46.9 10 Paraffins 

Honocyelienaphthenea 46.6 20 
Dicyclicnaphthsnea 5.5 30 
Benzenes 1.0 40 
Brcmrine No. < O . l  50 
c WtR 81.93 60 
H xt% 15.07 70 

1.5 80 ; Yrn ? 8 90 
10 95 

An ppb $ 1 3  EP pb 

WYII 
W O R n B C  OF NAIHTHA-CONDITIONS AND YIELDS 

@F NAPliTHA FEXDSTOCK 

Conditiona: (All m e  d t h  same portion of i n i t i a l l y  nswll  .O.P. R-5 Catalyst) 

1 2 6 4 i - 
9c8 954 

- -  1 Test 

U S V  2.96 2.89 2.96 2.96 2.95 2.96 
Holes H2/naphtha 8.35 8.52 8.21 8.59 8.72 8.59 
Rass.. p s i &  500 500 500 500 500 5M) 
Yields: yt"S>& &"a xt "01 J& "A yt 

H2 1x1 1.w 1.89 2.05 1.86 1.01 
c1 0.30 0.48 0.82 1.26 2.13 3.49 

0.89 0.96 1.22 2.24 4.03 6.98 c2 
1.48 1.78 2.52 4.32 6.70 

0.06 0.1 0.98 1.3 1.12 1.5 1.97 2.7 2.67 3.6 
0.98 1.3 2,43 3.2 2.41 3.1 3.03 4.0 4.26 5.6 7.71 10.1 "' 94.54 91.5 92.45 89.6 W . l h  87.1 85.98 82.8 79.05 75.5 66.64 65.8 

Temp., "P 006 029 853 e78 

l l .50 

Xi loom 92.8 1m.m 92.9 ioo.00 91.5 ioo.co 88.3 1m.m 89.8 ioo.oo 76.5 

n+ogen Rod, 
SCF/bbl 905 920 946 10 !8 931 507 

(liq. VOSXROI1, 
Yielddct.  NO. 

+3) x10-2 59.0 76.7 78.1 77 3 74.0 64.1 

(L Hean reading of nine ,-ly spaced E C l s  in catalyat bed 

3% 
320 
332 
3 u  
357 
372 
382 
402 

F61 



m. PILOT PLANT AND PROCEDURE 

Coking and Hydrostabilization 
Raw shale oil was pumped through a preheater into the bottom of the coking vessel,  made 

from a 20-in. length of 8-in. diameter pipe and closed with weld caps. The coker was vertically - ~~ 

mounted in a two-section furnace, with each section separately controlled. Within the coker 
was a concentric thermowell for,determining the temperature a t  any height. Heaters were set 
so that incoming feed and outgoing distillate were in the range 800-850°F. 

Coker distillate passed through a heated line to the flash still; temperature in the f l d h  
zone was 665°F. Product gases were cooled in an external condenser and the condensate was 
metered, sampled, and collected. A regulator ahead of the gas meter held the still pressure 
at 10-12 psig and also determined coker pressure.  Distillate was condensed and flowed into a 
water knockout, from where it was pumped to the hydrostabilizer. 
recycled to the coker. 

hydrostabilizer. Reactants passed down-flow through a one-gallon reactor filled with pre-sulfided 
catalyst, Filtrol475-8. A temperature increase of 30°F was noted a s  reactants passed through 
the bed. Effluent was cooled and the gas and liquid phases separated in the chamber of a liquid- 
level controller. P re s su re  was maintained at  500 psig by action of a regulator on tail gas from 
the separator (75°F). This gas was sampled and metered, a s  was the gas evolved from the 
liquid discharged from the separator. The liquid product was samplcd and held for HDN operations 

Hydrodenitrogenation 

preheated to 750"F, and passed downflow over the bed of pre-sulfided Harshaw 4303-E catalyst, 
heated by a five-zone furnace. A sharp increase in temperature of 50°F occurred at  the bed top, 
The remainder of the reactor was virtually isothermal at 812°F and 1500 psig. The space velocity 
was 1.0 liquid volume per  hour. To prevent tSAueill. lines from plugging with deposits of ammon- 
ium sulfides, water w a s  injected into the effluent at a ra te  of 50 ml/hr. A high pressure tail 
gas from the liquid-gas separator (ambient temperature) was sampled and metered. Similar 
measurements were made on the gas desorbed when pressure on the liquid was reduced to 
atmospheric. 

gas (butanes and lighter), C5 to 180°F and 180 to 400°F distillates, and 4OOt"F bottoms. The 180 
to 400°F distillate was feed for naphtha HDN and reforming, and the 4OOt"F bottoms were cata- 
lytically cracked. Corresponding distillates and bottoms from each distillation were composited 
and analyzed. A 10-gallon portion of the 400+"F bottoms was further fractionated at  20 mm 
pressure to yield a 400 to 650°F diesel fuel and 65Ot"F bottoms for catalytic cracking. 

Hydrodenitrogenation of Naphtha 

oil  comprised the feedstock naphtha. Other than the use of a fresh portion of catalyst (pre- 
sulfided), and a bed temperature of 700"F, the apparatus and procedure were the same as in 
the initial HDN operation. Since little nitrogen and sulfur remained in the naphtha feedstock, 
water was not injected into the reactor effluent. 

Reforming of Nitrogen-Free Naphtha 

stabilization. A 300 m l  bed of fresh U. 0. P. R-5 catalyst was used, and the reactants were 
preheated in  a tube furnace to reaction temperature. All tes ts  were carr ied out at 500 psig, 
with nominal values of 8/1 for hydrogednaphtha (molar) and 3 . 0  for liquid hourly space velocity. 
Reactor effluent was cooled by-exchange with tap water and charged to a gas-liquid separator at 
75°F. Samples of reformates were caught a t  500 psig and stabilized to yield butane-free reform- 
ates and gases composed of butanes and lighter components. Tests were performed in the 
chronological sequence 2, 3,  4 ,  5, 6, and 1 of Table VD. 

Cracking of G a s  Oils 
Both 4OOt"F and 65OC"F oil from the first-pass HDN were catalytically cracked. Proper- 

t ies of these oils are given in Table IV. The catalyst was an equilibrium catalyst withdrawn 
from a refinery FCC reactor and was composed of 75 per  cent Filtrol-800 and 25 per cent of a 
mixture of other catalysts. 

Bottoms were continuously 

Coker distillate was mixed with metered hydrogen, preheated to 450"F, and fed to the 

The composited, hydrostabilized liquid was mixed with 5200 SCF hydrogen per barrel ,  

A s  10-gallon portions of liquid product accumulated, each portion was fractionated into 

The 180 to 400°F distillate obtained by fractionation of the initially hydrodenitrogenated 

The total liquid product from naphtha hydrodenitrogenation was used as  feedstock without 

The confined bed cracking appatatUi3 w z s  described by J n h s o n  and Stark (6). Measured 
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WIX 

Catalytic Cracking of 4COt HDN Pmduct 

Conditions: 9 W  10 psig 0 8 Wopc-hr 16.2 lba HzOfDbl, 33 min. cycle, 0.93 
cc ,  t. c. sqJ1.‘eat .  (75% i k W )  

Yields, Percent Feed Raw Shale O i l  ProDerties of Uq. Prod. 

H1 0,117 b 3 . f s / b b l  z 5  vOl. 
wt. VOl. GasoP 4oof 

API - 3 . 5  32.6 
- 

0.48 RON,O 92.2 
0.28 ROW,3 96.9 
0.47 MON,O ---- 0.96 

2.2Y 3.70 1.11 MON,t3 87.8 
0.55 

4.11 1.45 
1.11, 

2.80 4.19 1.36 2.26 2 
2.11 3.05 1.05 1.69 5 137 

31.8 13.82 17.2 10 151 C$&WF Gem. 28.43 
53.1 26.3 28.6 20 168 
-_ 1.66 30 185 

4c.3 C.O. 54.20 

40 205 
Coke Jl-2 
Tots1 100.00 
Total  Gasolinaa 45.1 24.2 50 227 

60 ::5: 
conversion b5.8 46.9 70 182 

80 3 (17 
90 338 
95 258 
EP 105 
BMCI 

C 1  ::q 191 *‘ c2 - 
c 2  

ASTM D i s t  
c3s,, 2.90 IBP’  119 ____ 
;3 = 

9 

a(C5-400 F Gasoline) + 1.7 (Vol C3= f Vol Cq=) 
b c a n t a k a  M alkylate 

Test 
I BP 

5 
10 
20 
30 
LO 
50 
60 
70 
80 
90 
95 
EP 

TABm V l l l  

RLTORMINC OF NAPHTHA-PROPERTIES OF REFORMATES 

1 

251 
265 
279 
291 
304 
318 
333 
346 
358 
374 
388 
416 

2 u ,  
-1 

192 
226 
251  
274 
282 
296 
304 
326 
342 
358 
378 
401 
430 

L 
161 
212 
239 
262 
276 
292 
307 
322 
338 
354 
375 
399 
437 

4 
116 

216 
216 
264 
289 
296 
314 
328 
346 
371 
bo2 
u 9  

186 

A 
129 
167 
189 
220 
2A5 
265 
282 
299 
318 
398 
366 
401 
452 

6 
1 2 0  
176 
191 
21L 
275 
253 
271 
289 
308 
328 
358 

422 
3a5 

API Gravity 48.1 48.3 47.7 47.1 45.5 49.5 
Octane Nos. 
RON, Clear 51.6 69.0 74.9 83.1 90.9 97.6 
RQJ, +3 64.4 85.6 89.7 94.0 98.0 102.1 
MMI, Clear 52.0 65.0 68.0 75.2 62.4 86.7 
MMJ, +3 64.4 78.2 62.2 85.2 87.6 91.4 

TABLE X 

Catal*itic Crackinp: of b50e HDN Product. 

- 
Conditions: 90bF, 10 p i g ,  1.89 Wofic-hr, 15.9 l b s  H d b b l ,  16.5 min. cycle, 0.93 

Oe, K. C.squil. cat  (75% F-800) 

Raw Shah Oil P m ~ e r t i e 3  of Liq.  Prod. Fesd 
Cas0.b 4COt 

*PI 64.4 31.4 
RON,O 90.3 
R O N , Y  97.7 -- 
KON,+3 87.5 ---- 
ASTH Dist 

104 ---- BP 
2 459 

0.40 0.66 5 115 492 
128 551 1 0  

0.12 0.19 20 143 672 
158 699 30 

50 201 723 
4w c.0. 52.11 51.1 6.10 6.59 60 229 746 

70 263 747 
2.60 --- 0.30 80 294 763 

90 331 793 
Coke 

Total loo.M) 95 354 816 

Yields, Percent 
w t  Vol wt - - - , 

0.06 34.2SCF/bbl 0.01 
0.06 
0.04 “,:‘;‘6 j10L2 0.06 
0.32 2.76 L.96 
0.11 

MON,O ---- 
3 
c’, 

C 2 d S  3.12 4.64 0.40 

0.51 

0.90 - 5 
_ _ _ _  

3.39 5.13 

1.02 1.50 

iC4 

“c4 
C5-LCQF Zzeo. 32.40 38.5 3.80 4.93 40 177 --- 

- 
391 ---- -- 28.6 

7.0 EP Total Gas0.a 54.8 
BMCI 

1 
. ,  



quantities of steam and oi l  were pumped into the catalyst bed, and non-condensed products were 
metered and analyzed by gas-liquid chromatography (GLC). Coke deposits were determined by 
analysis of the regeneration gases. After fractionation of condensed products, fractionation 
gases were analyzed by GLC. 

Cracking was carried out a t  10 psig, a nominal steam-oil ratio of 15 pounddbarrel ,  and 
c_ycle t imes to accomplish a value of' 1.0 wt per  cent for the mean carbon content of the catalyst 
(Cc). Space velocities were varied t:, determine the WHSV conversion relationship, as  shown 
in Figure 4. The 65W"F oil was cracked at 906'F; the more refractory 4 0 W F  oil was cracked 
at  914°F. 

N. RESULTS AND DISCUSSION 

Coking and Hydrostabilization 
Table I contains data characterizing the raw shale oil, conditions of coking, and yields 

and properties for products of the coker. The porous, friable coke was easily removed from 
the coker. Hydrostabilizer yields and product properties are given in Table II. The reported 
data are for 32 hours of operation. Recovered gases plus hydrostabilized liquid equalled 100.8 
weight per cent of the 214.5 pounds of raw shale oil fed. Catalyst coke was not determined. 

of coker feed. Also, shale oil components of coker distillate boiling range would not undergo 
degradation in the coker. However, this mode of operation could not be practiced because an 
insoluble, organic material separated from the flash-still bottoms and plugged transfer lines. 
The nature of this insoluble matter was not determined. 

nitrogenation more difficult. Over a l l  yields would probably be little affected by increasing 
coker distillate end-point. The coker distillate was immediately hydrostabilized in the pilot 
plant to insure against its properties changing radically while awaiting further processing. Com- 
mercially, this step may not be required because retained samples of coker distillate did not 
show any obvious changes, such as precipitates or increased viscosity, after 6 months storage 
in  glass. Elimination of hydrostabilization, however, may require a higher severity operation 
in the subsequent hydrodenitrogenation step and would certainly increase hydrogen consumption 
during HDN. 

possible. First ,  unsold coke could be mixed with raw shale charged to the retort  so  that coke 
combustion could provide heat otherwise derived by burning, and thus prevent loss of oi l  pre- 
cursors  in the shale. Second, steam reforming of coker (flash) gas could provide hydrogen in 
excess of that needed for hydrostabilization. Third, additional heat could be obtained by adding 
air to the retort  gases, followed by burning of carbon monoxide and hydrocarbons in the retort  gas. 

Hydrodenitrogenation of Liquid Product from Hydrostabilization 

A material  balance was calculated for a 6.75-hour period, during which products exceeded hydro- 
carbon feed by 4.1 wt per  cent. Hydrogen consumption and yields of hydrogen sulfide, ammonia, 
and water were calculated from feed and product contents of hydrogen, sulfur, nitrogen, and 
oxygen, respectively. 

Carbon on the catalyst was not determined until the second pass of HDN operation was 
completed (not reported in detail because of i t s  ineffectiveness). A t  that time carbon content 
of the catalyst was 2.2 per  cent. 

particularly the diesel fuel (400-650°F). No further processing would be required to market the 
diesel fuel, and its volume was 41 per cent of the raw shale oil. Either the 40W'F o r  650t"F 
bottoms could be charged to a catalytic cracker although it may prove desirable to market the 
400-650°F as  diesel fuel. The light gasoline (C5-180°F) from coker distillate HDN was of a 
modest octane number (82.2 RON + 3), but the small  volume of this fraction would not upset 
pooled octane number of a refinery. 

results of N. J. Kertamus. However, catalyst studies by Falk and Berg (2) indicated that 
nickel-tungsten promoters were best  for HDN. Our results validated and extended these studies 
to  show that high concentrations of these promoters gave best  HDN. Since plant costs would be 
reduced if only one HDN catalyst were utilized, such a single catalyst should have maximum HDN 
activity, and for this reason Harshaw 4303-E was chosen. After 100 hours of operation, a snap 
sample of total liquid product contained 917 ppm nitrogen; this was comparable to the combined, 

Charging raw shale oil to the flash still rather than to the coker would reduce the volume 

Coker distillate with a higher end-point would be possible, but this might make hydrode- 

If coking and hydrostabilization take place at  the retor t  si te,  three economies may be 

Yields and properties of the various fractions from HDN a re  given in Tables III and N. 

No decline i n  catalyst activity was observed. 
The value of this HDN process can be seen in the high qualities of the product fractions, 

The conditions for this hydrodenitrogenation process were suggested from unpublished 
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total product and indicates no catalyst aging took place. 
Although the resu l t s  obtained were satisfactory for the purposes of o w  study, better 

yields and properties might be realized after further exploratory study. For instance, most 
of the hydrogen consumed (1970 SCF/bbl) was taken up by saturation reactions, not by direct 
reactions of nitrogen elimination. The hydrogen contents of feed and products bear this out; it 
was also evidenced by the heat released. 
instance, only 830 SCF of hydrogen would have been required to convert the pyridine to pentane 
and ammonia. 

Had the feed nitrogen been present as  pyridine, for 

Naphtha Hydrogenitrogenation 

The properties of the liquid product from the gas separator were similar to the naphtha charge 
except for  the nitrogen content which was reduced from 240 ppm to 1.5 ppm (see Tables IV and 
VI). The liquid product was not stabilized, because unstabilized liquid from first-pass HDN con- 
tained only 0 .4  per cent propane plus butanes, and tail gas from the present operation contained 
even less hydrocarbons than that from HDN of the total coker distillate. At the end of t h e  naphtha 
HDN, coke-on-catalyst was 0 .7  per cent. 

The goal of naphtha HDN was to reduce the nitrogen content of the product naphtha to a 
level permissible for long-term reforming. This goal was achievsd, since the naphtha product 
contained 1.5 ppm nitrogen. An alternate route to  nitrogen-free naphtha by two-stage HDN of 
total coker liquid reduced the naphtha only to 7 ppm, too high a level to sustain long life of a 
platinum reforming catalyst. 

optimum for cycle oils and may not be  optimum for this feedstock. However, since most of the 
hydrogen consumed in naphtha HDN is recoverable in subsequent reforming, the effects of 
pressure and temperature upon hydrogen consumption probably have little economic significance. 

Catalyst aging was not studied. The low level of catalyst coke (0.7 pe r  cent) at the end of 
the operation indicated a long period of satisfactory use. The catalyst can b e  regenerated. 

Reforming of Nitrogen-Free Naphtha 

range 96. 5 to 100.7 wt per cent. 
calculations, separator gases were allotted the same isobutane to normal butane ratio as  was 
found for the fractionation gases. 

Table VII contains detailed test  conditions, yields of products based on feeds, and yield- 
octane values. Figure 2 shows that both 
hydrogen production and  yield-octane a re  nearly optimum at 910°F. Octane numbers of reformates 
a r e  plotted against yields and temperatures in Figure 3. 

cent naphthenic, volumetric yields of reformate were low at high octane levels. At the high 
temperatures required for maximum octane reformate, cracking reactions caused a loss of 
reformate and a lowered hydrogen yield. Although less severe treating of naphtha during HDN 
would have increased the aromatic content of the reformer feed and would have resulted in less 
loss upon reforming, the yield based on raw shale oil would have been about the same since the 
severe HDN increased naphtha volume. 

overall boiling range, a r e  shown together with that from the shale-derived naphtha. Relations 
of octane number to reformer temperature and yield were found to be similar for the two naphthas. 
The yield-octane number (RON + 3) curve for the shale oil reformates exhibits an inflection at 
low octane. This is not observed in corresponding plots for reformates of straight run naphtha. 
Research clear octanes of the shale reformates (not shown) also show the inflection. In addition, 
Plots of specific gravities v s  octanes for these reformates a re  similarly S-shaped. A possible 
explanation for this abnormality is that the naphthenes of the shale-derived naphtha were virtually 
a l l  cyclohexanes, with little cyclopentanes. This seems reasonable since the naphtha was obtained 
from hydrotreating reactions accompanied by m w h  saturation of aromatic rings and the HDN 
catalyst was low in isomerization activity. In contrast, the cyclopentanes of straight run naphthas 
usually equal o r  exceed the quantities of cyclohexanes (3). With platinum reforming catalysts, 
Hettinger and co-workers showed that cyclopentanes isomerize to cyclohexanes much more slowly 
than the latter dehydrogenate to benzenes (5). Also, the rates for paraffin isomerizations a re  
comparable to the r a t e s  for conversion of cyclopentanes to cyclohexanes. Consequently the initial 
reforming reaction of the shale oil  naphtha may have been the rapid and almost comp!ete dehy- 
drogenation of cyclohexanes i.,) benzenes, with abrupt volume decrease. In support of this, 

Table v cites the  conditions and yields of products from the naphtha hydrogenitrogenation. 

This HDN was run at 700°F and 1500 psig. These conditions had been found to be near 

Material balances were calculated for separator products from each test  and were in the 
For yield Fractionation balances were virtually 100 per  cent 

Properties of the reformates a r e  given in Table VIII. 

Because the reformer feedstock contained virtually no aromatics and was about 50 per 

In Figure 3,  data  from reforming of a Gulf Coast naphtha, which was slightly lower in 
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results in Figure 2 show that hydrogen yield at  the mildest condition was almost equal to the max- 
imum yield of hydrogen. As temperature was  increased, no cyclopentanes were present to iso- 
merize and dehydrogenate at nccclcrated rates.  Instead, paraffin isomerization (and dehydro- 
cyclization) took place with increase of octane number but with little increase in product density 
or hydrogen yield. A t  severe conditions, hydrocracking eliminated alkyl groups with accompany- 
ing hydrogen consumption and resultant increase in aromaticity, density, and octane number. 

Catalytic Cracking of Gas o i l s  

at about 50 per cent conversion, Total volumetric yields of gasoline were calculated as the sum 
of observed gasoline volumes plus additional volumes potentially available by alkylation and poly- 
merization of propylenes and butylenes. Since the synthesis gasolines were not actually produced 
and blended with FCC gasolines, the yields based on raw shale oil were calculated from densities 
of FCC gasoline, and gasoline properties were determined for FCC gasolines alone. 

octane number, 99 RON + 3 from the 40W"F and 98 RON + 3 from the 650+"F stock. Yields were 
greater for the 6 5 W F  feed. On the other hand, ,gasoline from the 650+"F stock represented only 
4. 9 vol. per  cent of the raw shale oil vs 17.2 vol. per  cent for the lighter stock, because the 
quantity of 6 5 W F  stock was  smaller. Potential gasoline from alkylation of C3 and C4 olefins 
was 2.1 vol. per cent of shale oil for the 65W"F and 7 . 0  vol. per  cent for 40W"F. 

Both feedstocks were sufficiently f ree  of nitrogen, sulfur, and carbon residue a s  to be 
desirable cracking stocks. Both were paraffinic; the 4 0 W F  had a Bureau of Mines Correlation 
Index of 27 and the 6 5 W F  a value of 19. A rea l  difference was found in the more refractory 
nature of the 400+"F stock as  shown by the longer cycle t imes and higher temperature required 
for cracking. Figure 5 shows that the higher boiling components of the 40W'F feed were prefer- 
entially cracked, since the recycle is lower boiling than the feed. Probably a better alternate to 
the cracking of this stock would be the sale of the 400-650°F portion a s  diesel fuel, o r  hydro- 
cracking of the entire 40W"F stock. 

Tables IX and X contain yields and properties of products from both feedstocks cracked 

At the 50 per cent conversion level, gasolines from both cracking stocks were of high 

CONCLUSIONS AND SUMMARY 

1. 

2.  
3. 

4. 

5. 

The steps for converting Colorado pyrolytic shale oil into saleable products were: 
a. recycle coking combined with hydrostabilization; 
b. hydrodenitrogenation and fractionation; 
c. hydrodenitrogenation of naphtha from (b); 
d. reforming of product naphtha from (c); 
e. catalytic cracking of gas oil  from @). 
These steps were perhaps not performed at  optimum conditions, since for most 
operations conditions were pre-selected and effects of process variations were not 
determined. The maximum temperatures and pressures of 914°F and 1500 psig were 
well within the limits of conventional refining processes.  
The hydrostabilization step may not be required commercially. 
Nitrogen content of reformer feed and cat cracker feed (650'F+) were reduced to 
satisfactory levels, 1.5 ppm total N and 100 ppm basic N respectively. These stocks 
could be processed in  conventional refinery units. 
The 400 to 650°F material  from the denitrogenated coker distillate was suitable for 
diesel fuel. 
Yields of hydrogen, coke, hydrocarbons, and non-hydrocarbons, for one set  of 
operating conditions and based on raw shale oil  were: 
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A. 

B. 
C. 
D. 

E. 

1. 
2. 

3. 

4. 

5. 

6. 
7. 
8. 

Process  (see below) A B C D E Total 
(Wt 7%)  

Hydrogen 
Hydrogen sulfide 
Water 
Ammonia 
Methane 
Ethylene 
Ethane 
Propylene 
Propane 
Butenes 
i-Butane 
n-Butane 
Coke 
C5-180°F Gasoline 
Reformate 
FCC Gasoline 
400-650°F Distillate 
FCC Cycle Oil 

-0.49 
0.13 
0. 06 

1.41 
0.42 
1.17 
0.68 
0.89 
0. 68 
0.15 
0.45 

12. 61 

-2.79 
0.25 
0.84 
1.99 
0. 99 

0.99 

0.96 

1. 61 
0.77 

2.71 

36.86 

-0.31 0.44 0. 01 

0. 08 0.51 0. 06 
0. 04 

0.31 0. 96 0. 06 
0.32 

0.34 1.61 0.11 
0.40 

0.36 0.47 0.40 
0.29 1.02 0.12 

0.30 

18.91 
3. 80 

6.10 

-3.14 
0. 38 
0. 90 
1. 99 
3. 05 
0.46 
3.49 
1. 00 
3. 91 
1. 08 
2.99 
2. 65 

12. 91 
2.71 

18. 91 
3. 80 

36.86 
6.10 

103.19 

Recycle coking to 850°F end point followed by hydrostabilization at  470"F, 500 psig, and 
0.9 LHSV. 
Hydrodenitrogenation of hydrostabilized coker distillate a t  812"F, 1500 psig, and 1.0 LHSV. 
Hydrodenitrogenation of 180-400°F naphtha from B at 700"F, 1500 psig, and 1.0 LHSV. 
Reforming of naphtha from C at 500 psig, 3 LHSV, and 945°F to yield 75.5 vol 7% of 98.0 
RON + 3 reformate. 
Cat cracking of 65W gas oil from B. 
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INTRODUCTION 

Research on the pyrolysis of oil shale (a non-shale rock that contains little or no free oil) 
Despite a century of experience in the commercial production has been popular in recent years. 

of shale oil in Scotland and elsewhere, and multifarious suggestions for effecting heat transfer, 
the retorting process had been little improved with respect to the considerable portion of the 
Potential oil yield that had been lost because of excessive coke formation. The idea of using 
hydrogen under pressure to increase the yield and improve the quality of shale oil had been 
reduced to practice in the laboratory as early as 1932 (9). More recently, intensive effort has 
been aimed a t  the eventual commercialization of hydro-retorting (14). 

the Bureau of Mines--has been reviewed by Thorne (16). The oil  is highly olefinic, contains 
large proportions of sulfur, oxygen, and nitrogen compounds, and smells bad. I t  is further 
characterized by an inability to be totally reevaporated to the vapors from which it was originally 
condensed (17). Possibly the liquefaction of the vaporized pyrolysis product is accompanied by 
chemical condensation reactions. 

Efforts to  elucidate the chemistry of the pyrolysis process have not been entirely suc- 
cessful. Studies of the kinetics of shale pyrolysis have yielded apparent activation energies 
ranging from 13. 6 to 48.5 kcal. /mol, but mostly above 40 (5). The conclusion is usually drawn 
that most of the oil- and gas-forming reaction involves the breaking of carbon-carbon bonds. The 
reaction is rather more complicated than a simple first-order reaction. Most shales contain a 
small amount of organic matter that can be extracted with solvents and consists of an a r r ay  of 
C13 to C33 hydrocarbons (16) along with other material. The amount of extractibles is greatly 
increased by heating at  moderate temperatures--275 to 325°C. Credit for this discovery goes 
to S. R. Zimmerly (M. S. Thesis, Univ. Utah, 1923) (10). This primary decomposition process, 
leading to solubility, was believed to be the rupture of thermally unstable crosslinks. 

Estonian kukersite in terms of the initial formation of a soluble, non-volatile, semisolid inter- 
mediate substance at temperatures below 360°C. At higher temperatures, according to their 
view, the intermediate is cracked to oil, gas, and large amounts of coke; but if the reaction is 
carried out under a hydrogen pressure of 250 kg/cm2 (3560 psi) in the 380-410°C range, prac- 
tically no coke is formed although coke does begin to be formed at higher temperatures, e. g. , 

Much of our existing knowledge of t h e  composition of shale oil--mainly from research at 

Quite independently, Kogerman and Kopwillem (9) in 1932 described the pyrolysis of 

440-450°C. 
More recently, Hubbard and Robinson (6) and Allred (1,2) have accepted the idea of a 

"bitumen" intermediate and have expressed the mechanism as a sequence of two reaction steps. 

kerogen j bitumen- oil + gas + coke 

Unfortunately, these terms are not well defined. "Kerogen" is an insoluble coal-like material 
with an empirical formula approximating C ~ O O H ~ O @ N ~ O ~ ~ .  
of wax". The intermediate "bitumen" is a nondescript derivative of kerogen that has been ther- 
mally degraded to the point of solubility but not of volatility. 
solid obtained by cooling the vapors that result from pyrolysis. 

with heated methane as the retorting fluid. 
periments as well as published data, they suggested that at high temperatures (450-620°C) 
bitumen and oil a r e  produced more rapidly than they can escape from the pores in which they a r e  
located. The diffusion-limited rates of product evolution thus account for the low apparent acti- 
vation energies (13-25 kcal). During the time the initial products are confined in the pores, 

The name literally means "producer 

"Shale oil" is the waxy liquid or 

Recently Hill and Dougan (5) reported on the low temperature pyrolysis of in situ shale 
Based on these studies and attendant laboratory ex- 
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polymerization occurs and subsequent decomposition of the polymer yields on the average higher 
molecular weight products than the primary oil. The following mechanism was proposed for high 
temperature pyrolysis: 

kerogen - +bitumen---+ polymer-+ oil + gas + coke 

However, at  lower temperatures @elow 427°C) the "polymer" was not necessarily an important 
intermediate. 
40 and 41.7 kcal; and f o r  the decomposition of bitumen, 42.5 to 48.5 kcal. 

Experimental approaches to the study of shale pyrolysis have been many and varied. In- 
cluded among the few that have operated on very small samples a r e  the thermogravimetric 
method (0. 25-2. 00 g) used by Allred (1,2) for kinetic studies, and a combination pyrolysis-gas 
chromatographic method (100 mg) used by Bordenave, et  al ,  (3) to study the C1 through C11 
portion of the product. 

shale i s  heated in hydrogen or an inert atmosphere. 

auxiliary equipment, the entire product can he examined. 
some product composition data, we have concluded that diffusion-limited processes may he quite 
important, both in the kinetics and the chemistry of product formation. 

At best, shale pyrolysis is a highly complex process that begins with the transfer of heat 
to a hard, non-porous rock--generally in pieces of substantial size--and ends with a residue of 
highly porous, friable ash. Not only is diffusion important (15) hut i ts  importance changes durjng 
the pyrolysis. The time it takes heat to diffuse into a substance that has the thermal conductivity 
of firebrick, and the time it takes product to diffuse out of a structure that initially has no pores 
is significant. Indeed, data presented by Allred (2) on the effect of particle size show that doub- 
ling the particle diameter increases by about a factor of four the time required for 95% com- 
pletion uf pyrolysis. 
noted by Hill and Dougan should only be compared at  equal conversions. However, the extent 
of conversion, whether at high o r  low temperature, is the more important variable because por- 
osity develops only as products leave the matrix. 

imental results, and to suggest some possibilities and limitations for additional applications. 

The activation energy for the decomposition of kerogen was said to be between 

We have carried out an experimental program to learn more about what happens when oil- 

A versatile micro-scale (10-20 mg) retorting system has been developed. With suitable 
On the basis of kinetic experiments and 

Thc increased seriousness of the diffusion limitation a t  high temperatures 

It is the purpose of this paper to describe our micro-scale retort, to present some exper- 

EXPERIMENTAL 

The oil  shale for the retorting experiments was a 28 gal. /ton (Fisher Assay) sample 
obtained from the Green River Formation in Colorado. It was crushed and screened to a particle 
size of 48 to 65 mesh. Detailed analyses for similar shales have been reported (7). 

Apparatus 
Several systems for pyrolysis of organic compounds couples with gas chromatography 

have been offered commercially. None of these had sufficient control over the temperature and 
heating rate for kinetic studies. Preliminary experiments were done with a commercial dual 
column gas chromatograph with thermal conductivity detectors and designed for linear tempera- 
ture programming from -65 to 400°C. As the program developed, it became evident that none 
of thc features of this  otherwise excellent instrument were particularly well-adapted for the study 
of shale pyrolysis. 
ysis of light hydrocarbons such as methane. The upper limit of 400°C was too low for  the com- 
pletion of programmed temperature pyrolysis and was just at the beginning of the interesting 
range for isothermal pyrolysis. The linearity of temperature programming was adequate for 
analytical gas chromatography hut was not precise enough for kinetic studies. The thermal 
conductivity detectors were not suitable for either kinetic or composition studies because of 
sensitivity to water in the products of pyrolysis. Furthermore, the oven temperature required 
to prevent condensation in the product transfer line (375°C) was much too high for efficient thermal 
conductivity detection. Dual column operation to compensate for column bleed turned out to be 
ineffective because no known substrate could withstand the high temperatures required for elution 
of the recondensation products of shale pyrolyzate. In the final version we used either no column 
at all (kinetic experiments) o r  a series of columns from which product could be eluted at safe 
temperatures. 

of a pyrolysis tube mounted in a GLC oven equipped with a hydrogen flame ionization detector. 

The lower limit, -65", was not nearly cold enough for the trapping and anal- 

T L -  --.m,-a&..- urr'yIycuy 2s it erenDAz!!y evolved is shown schematically in Figure 1. It  consisted 
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The Oven served as  a heater for transfer line A as well a s  a heated environment for pyrolysis 
chamber C ,  and also served a s  a programmed temperature heater for the GLC analysis of 
products in Traps 1, 2 ,  and 3. Traps 2 and 3 also served as fractionating columns. 

The pyrolysis unit is shown in Figure 2. It consisted of a well-insulated 30-inch length 
of 1/8-inch 0. d. thinwall stainless steel tube with electrical connections for resistance heating. 
One lead was attached at the mid-point and the other to the two ends. The high current at low 
voltage necessary for resistance heating was supplied by a 5-volt transformer in ser ies  with a 
Powerstat (0-100 volt variable autotransformer). The temperature was controlled with a time 
proportioning device (TempTendor, API Instruments Co. , Chesterland, Ohio) designed for 
isothermal operation. However, it was readily adapted as a linear temperature programmer by 
simply replacing the set knob with a sprocket and driving with a slow speed motor. 

The manostat and flow controller (See Figure 1) for use with hydrogen or deuterium con- 
sisted of two ordinary hydrogen-pressure regulators; the one at the inlet to the pyrolysis chamber 
reduced cylinder pressure to  the desired operating pressure (500 psig); the downstream one, at 
the outlet from the last trap, reduced pressure from the operating pressure to some lower value 
appropriate to the pressure drop across  the metering orifice. The metering orifice consisted of 
a &foot length of 0.01 inch i. d. copper tube. Hydrogen flowed at  50 ml. /min. with the pressure 
drop set  at  about 35 psi. When helium was to be used as the retorting fluid at  atmospheric 
pressure, 'the flow was controlled by the flow controller of the GLC unit, usually at 35 o r  50 
ml. /min. 

The trapping system consisted of three traps in ser ies ;  each consisting of a length of 
1/8-inch 0. d. thinwall stainless steel tube coiled to fit inside a 1/2 pint Dewar. Trap 1 consisted 
of an 18-inch section filled with 50-mesh glass microbeads; Trap 2 contained a.30-inch section 
packed with 1% polyphenyl ether (nominally heptamer) on Chromosorb G; Trap 3 was a 6-foot 
column packed with Poropak Q (unsupported polystyrene, 50-80 mesh powder). 

Procedures 

to the detector. The choice of hydrogen flame detection limited retorting fluids to  inert gases 
(helium) at atmospheric pressure. The operation could be either temperature programmed-- 
usually 4"C/minute--or isothermal. In the isothermal operation at temperatures from 100 to 
400"C, the temperature was raised in a progressive stepwise manner and held at each level for 
an  extended period. Above 400"C, reaction was much faster and a fresh shale sample was used 
for  each temperature. 

Composition data were obtained by collecting the product in the traps and subsequently 
chromatographing each trap. The operation could be either temperature programmed or iso- 
thermal. The retorting fluid could be either hydrogen o r  deuterium o r  an inert gas (helium) 
under atmospheric o r  elevated pressure. 

with liquid nitrogen. At the completion of pyrolysis the gas inlet was reconnected to the helium 
flow controller and, with helium flowing at 35 ml. /minute, Trap 1 was heated by programming 
the oven to 180°C at which point the product had been eluted through C28. Further elution was 
prevented by immediately cooling Trap 1. At this point Trap 2 contained all products from C1 
through C28. Trap 2 was warmed by replacing the liquid nitrogen Dewar with one containing 
water at  ambient temperature for two minutes. This operation transferred the C1 through Cg 
hydrocarbons to Trap 3. Since all  valves had been eliminated from the product zone, each trap 
was mounted in the oven by means of Swagelock connectors and chromatographed in turn. 

The glass bead column (Trap 1) was chromatographed merely for the purpose of obtaining 
a material balance. I ts  main function was to keep high boiling components out of Trap 2. Strip- 
ping of the glass bead column required temperatures up to 415°C. We have observed in other 
experiments that the stripping is accompanied by thermal decomposition, from which we con- 
clude that some condensation o r  polymerization had occurred following the initial pyrolysis. It 
is not known whether the polymer in the glass bead trap was due to polymerization that occurred 
within the liquid film on the glass beads, o r  whether polymer was formed earlier and got into 
the glass bead column by entrainment in the sweep gas. 

to about 220°C at 4"C/min. for recovery of the Cg through C28 components. Separation was 
adequate for analysis by carbon number. The maximum temperature is well below the onset of 
column bleed (ca. 250°C) so that columns a r e  long-lived and dual column operation is unnecessary. 

The Poropak Q column (Trap 3) contained the C1 through C6 hydrocarbons. With this 
strongly retentive substrate, only methane was eluted at  subambient temperature. By simply 
replacing the liquid nitrogen Dewar with an empty Dewar, the methane was eluted in six o r  seven 

Kinetic data were obtained by taking the product through the heated transfer line directly 

During a pyrolysis run Trap 1 was a t  ambien temperature while Trap.s 2 and 3 were cooled 

The polyphenyl ether column (Trap 2) was chromatographed from ambient temperature 
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minutes, after which the Dewar' was removed and the GLC oven was  programmed to 18OoC at 
4"C/min. The remaining components were eluted in the order: ethylene, ethane, propylene, 
and propane. Isomer separation is complete. The Cq's, Cg's, and C6's were completely sep- 
arated by carbon number but the isomers overlapped. The C4 olefins were separated from the 
C4 paraffins and from each other on a benzyl cyanide-silver nitrate column prepared by the 
ASTM standard procedure. 

EXPERIMENTAL RESULTS 

Isothermal Pyrolysis 

with the surface of the pyrolysis tube, was so efficient that deficiencies in the thermal control 
were more readily detected by changes in the rate  of product formation than by variations in 
the observed temperature. The entire temperature range--from the lowest at which product 
was detected (ca. 100°C) to decomposition rates  that were too fast to be measured accurately-- 
w a s  covered. A t  temperatures much below 400"C, decomposition was never quite complete 
even after prolonged heating. At any given temperature an initially high rate  of product forma- 
tion settled down to the essentially exponential decay that is characteristic of a more or  less 
f i r s t  order reaction. 

detailed in Figure 3. The shale sample (196 mg. ) w a s  heated at  a sequence of temperatures in 
a helium stream, the product being swept directly to the flame ionization detector. The ampli- 
fied output of the detector was replotted on a semi-log scale to show the exponential first-order 
decrease following the initially more rapid decline in product rate. The heating was continued 
at the lined-out condition to establish the slope for  later extrapolation to "ultimate yield" at 
that temperature. At the conclusion of each period the lemperature was quickly increased and 
the process repeated a t  successively higher temperatures until the decomposition was complete. 
The temperature and percentage yield of product actually obtained in each interval a r e  recorded 
on the graph.. The results of extrapolation to infinite time in two such experiments a r e  plotted 
in Figure 4. The term "ultimate yield" comprises only the organic compounds to which the 
flame ionization detector responds. Such products as hydrogen sulfide, ammonia, carbon mon- 
oxide, carbon dioxide, and water a r e  excluded. The ultimate yield increased exponentially with 
temperature until the point of complete decomposition of the kerogen was reached at about 400°C. 
The ultimate yield approximately doubles in each 42°C temperature interval. 

Isothermal pyrolysis rates in the range above 400°C were very fast. Estimates of the 
time required to reach 50% 90% and 99% conversion a r e  given in Table I. 
the programmed temperature (4"C/min. ) pyrolysis reached 50% conversion at about 428"C, a t  
which point the ra te  constant was about 13%/min. 

Heat transfer to the small sample of small  shale particles, each of which was in contact 

A typical isothermal experiment covering the lower par t  of the temperature range is 

By way of comparison, 

1 ,, 

Table I 

ISOTHERMAL PYROLYSIS RATES AT HIGH TEMPERATURE 

Minutes to Indicated Conversion 
Temp., "C 5oqb m - 99% 

430 
440 
450 
460 
470 
480 
490 
500 
510 
520 
530 

2 . 5  
1. 5 
0 . 8  
0.5 
0 .3  

14 
7 
5 
3 . 7  
3 
2 . 6  
2 . 3  
2.1 
1. 9 
1. 7 
1.6 

60 
30 
21 
16 
14 
12 
11 
10 
9.3 
8 . 7  
8 

At high conversions, i. e. , near the end of the reaction, the ra te  of product formation was 
s k ? ~  e!xxgh for the kc~et ics  to h e  f~ l lnwed .  
about the last 13% of the product a t  selected temperatures between 417 and 485°C a r e  shown in 
Figure 5. 

Plots of the product yield as a function of time for 

6 
/ 

I 
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Programmed Temperature Pyrolvsis 

products of pyrolysis of a 21.4 mg sample of shale were swept to  the flame ionization detector 
while the temperature was increased from 80 to 540°C at the rate  of 4"C/minute. In contrast 
with the isothermal experiments, the rate  of kerogen decomposition i s  steadily increasing. The 
rate  of product formation also increases and passes through a maximum at about 440'C. 
formation is nearly complete at 540°C and after a short period a t  6OO0C, no more i s  detected. 
A remarkably similar plot was obtained by Allred (2) by a thermogravimetric method. 

By integrating the area under the curve from left to right, one obtains the cumulative 
yields a s  a function of temperature that a r e  shown in Table II. By integrating in the opposite 
direction, i. e. , from right to left, one obtains ratios of the instantaneous rate  of product forma- 
tion at any temperature to the amount of product yet to be formed. These "rate constants" for 
the "decomposition of kerogen" a re  also listed in Table II. 

A GLC trace for  a programmed temperature experiment is reproduced in Figure 6. The 

Product 

Table II 

RATE CONSTANTS AND CUMULATIVE PRODUCT YIELD 
AS A FUNCTION OF TEMPERATURE 

Pyrolysis Cumul a t i v e  
Temp.. O C .  K, Ut. %Inin. Yie ld ,  Wt. 7- 

1700 
186 
204 
2 20 
236 
252 
268 
284 
300 
316 
332 
349 
366- 
383 
400 
417 
425 
434 
442 
451 
468 
485 
502 
519 
536 
(600) 

0.067 
0.090 
0.113 
0.122 
0.145 
0.131 
0.099 
0.106 
0.132 
0.192 
0.340 
0.615 
1.096 
2.07 
3.80 
7.19 
11.62 
18.77 
25.80 
33.27 
24.47 
12.75 
9.10 
9.36 
8.62 

0.34 
0.64 
1.02 
1.49 
2.01 
2.56 
3.01 
3.40 
3.83 
4.42 
5.38 
6.91 
9.9 
15.1 c, 

23.2 
37.5 
47.0 
60.6 
75.0 
87.0 
97.4 
98.9 
99.3 
99.5 
99.7 

(100.0) 

Methane comprises about 3% of the total product. A "methane only" experiment was 
carried out by pyrolyzing 52 mg of shale and simply trapping all heavier products in an 18-inch 
section of lb - inch  0. d. copper tube, coiled to fit into a l/Z-pint Dewar and inserted between 
Trap 1 and the flame ionization detector (See Figure 1). Whereas methane is held indefinitely 
on organic substrates at liquid nitrogen temperature, the empty tube condensed and held C2 and 
higher products but did not retain any methane. The transmit time for methane through the traps 
was under 60 seconds and tailing was not a problem. The GLC trace for methane was generally 
similar to that for total product, except that little or no methane was prociuced below about 
275'C. The 3% of total product that appeared below 275°C must therefore have been produced by 
a mechanism different from the one that produced methane. Both curves peak at about 440'C. 
A distinction should be made between the rate  of product formation (detector response) and the 
rate  constant for kerogen decomposition (rate of product formation relative to amount of product 
yet to Le f~rmcd, i .  c. , omc l t  sf kernger? rezaining). The rate constants reach their maxima 
at about 450°C, at which point the cumulative yield of methane was  only 31% compared with 87% 
for  total product. The cumulative yield of methane a s  a function of temperature and the rate 
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constants a s  a function of methane-yet-to-be-produced a r e  in Table ID. 

Table III 

RATE CONSTANTS AND CUMULATIVE METHANE YIELD 
AS A FUNCTION OF TEMPKMTTRE 

Pyrolysis  Cumulative 
Temp. O C  K ,  Xtmin.  Yield,  % 

280 
295 
312 
330 
346 
362 
380 
395 
412 
430 
448 
466 
484 
503 
519 
535 
555 
(650) 

0.015 
0.028 
0.065 
0.112 
0.180 
0.335 
0.700 
1.05 
1.90 
3.60 
4.98 
4.43 
4.53 
5.06 
4.94 
4.49 
5.5 

0.03 
0.10 
0.26 
0.52 
1.04 
1.90 
3.4 
4.8 
11.0 
18.8 
31.4 
44.6 
53.7 
62.6 
69.6 
75.2 
79.7 
( 100) 

To evaluate the effect of mineral constituents on the pyrolysis reaction, limited work was 
done on kerogen that had been concentrated by extracting the shale with hydrochloric acid to 
remove carbonates, hydrofluoric acid and remove silicates, ammonia to remove mineral acids, 
and CHClQ and benzene to remove natural bitumen. 
to that for raw shale, including a few percent of low temperature pyrolyzate. However, this 
product contained much larger proportions of normally gaseous hydrocarbons. The possible 
mechanistic significance, i. e. , the effect of infinite porosity, was not appreciated at that time 
and unfortunately a "methane only" experiment was not done. 

Pyrolysis gave a GLC trace very similar 

Product Composition 
High retorting temperatures a r e  known to give increased proportions of light paraffins 

and aromatic compounds (4). 
firmed the ear l ier  report  of Bordenave, et al, (3) that the composition of the product also changes 
with the extent of pyrolysis. 
methane was in the last 13% of the product. 

Many experiments were carr ied out in which the product was trapped and examined by 
gas chromatography. In one se t  the shale was heated isothermally in a helium stream for 30 
minutes at each of a se r ies  of temperatures, much a s  in Figure 3, and the products were col- 
lected separately for each temperature. In the first few fractions, representing the f i rs t  few 
percent of product, a rather narrow distribution of carbon numbers that shifted to higher values 
with increasing temperature suggested cuts from a simple distillation. Thus, a product col- 
lected at  126°C was mainly C11 to C15; a t  200°C at  least 90% was in  the C14 to C22 range; at 220°C 
i t  was largely C20 to C24; a t  275'C it was mostly C22 to c26, but traces of methane and other 
light products were beginning to appear. At 303°C the main product was C25 to C31 but the cut- 
off at C31 was sharp and the amount of light products had increased. At 325°C and higher, a 
dramatic change occurred. The C31+ fraction was large and considerable amounts of methane 
and other products gave a continuous spectrum of GLC peaks. 

A large peak between C17 and c18 and perhaps other smaller but outstanding peaks may 
be  members of the isoprenoid series. Odd-numbered normal hydrocarbons a r e  also a little more 
abundant than the even-numbered members. In isothermal pyrolysis a t  a given high temperature 
the initial product is lower in methane and richer in higher molecular weight components than the 
later portions. 

The kinetic experiments described in the foregoing section con- 

Thus, in a programmed temperature experiment, nearly 70% of the 

F80 



Pyrolysis Under Hydrogen or Deuterium Pressure 

at 4"C/minute, 500 psig hydrogen (or deuterium) pressure with a sweep rate  of 50 ml/minute 
(measured at  atmospheric pressure). 

with that Obtained with helium a t  atmospheric pressure. Also included a r e  data reported by 
Schlinger and Jesse (14) for a large pilot plant operation in which the hydrogen pressure was in 
the range of 1000 to 2000 psig--flow rate  not specified--and the shale was crushed so that the 
largest chunks did not exceed 4 inches in diameter. 

The pyrolysis conditions selected for present purposes were: temperature programmed 

Typical product distributions obtained under 500 psig hydrogen a r e  compared in Table IV 

Table IV 

PRODUCT DISTRIBUTION FROM RETORTING IN HYDROGEN AND HELIUM 

Sweep Gas 
Component, ~ ~ l i ~ ~  Hydroren 

lit.% Present Work ( 8 )  Schlinger & Jesse  

M e  thane 3 . 0  22.8 6.2 

Ethylene 1.9 3.8 
E thane 1 . 6  8 .0  3 . 3  

Propylene 1.6 h.7 

ch 

C5 

Propane 1 .1  12.0 2 . 4  

2 .7  6 .9  0.8 

2.9 3 . 3  0 . 1  

3'5 ] 22 .7 (b)  
'6 3 . 0  

c - 12 15.8 12.2 7 

1.2 

C13 - 28 40.9 

'29' 25.4 

(a) The actual yield in hydrogen was 193% of that in helium. 
(b) Estimated to a weight basis from the reported ASTM Distillation. 

The effect of hydrogen in our experiments was to increase the over-all yield to about 
190% of that with helium. The increase was reflected in  every category except the C29+ fraction. 
The yield of methane was increased enormously. So were those of ethane and propane, but not 
at the expense of ethylene and propylene. The absolute yields of ethylene and propylene were 
actually about 3 .8  and 5.7 times larger ,  respectively, in the presence of hydrogen than in the 
presence of helium. 

of mechanism. Unfortunately, our deuterotorting experiments yielded only fragmentary data. 
Isotopic analyses of methane, ethylene, ethane, propylene, and propane a r e  possible by high- 
resolution mass spectrometry, although the C3 hydrocarbons require the highest resolution of 
which the instrument i s  capable. Fortunately, in the spectra of the butenes, the difference in 
ionizing voltage between the C4H8+ (parent) and C4H7+ ions is sufficient to permit isotopic analy- 
sis by conventional low-resolution mass spectrometry. 

The few available bits of data a r e  shown in Table V. In a low-deuterium-pressure experi- 
ment (160 psig. 50 ml/minute flow) a l l  possible isotopic species of methane and ethane were 
present. The major species of methane were CH3D (methane-dl) and CD4 (methane-$). The 
most abundant ethane was C2H5D (ethane-dl). In another experiment at 500 psig deuterium 
pressure, an isotopic distribution was obtained on g&-butene-2. . A l l  possible isotopic species 
were present. Whatever mechanisms may be operative, the end result was to substitute some or 
al l  of the hydrogens with deuterium without saturating the double bond. The k's in the tabulation 
amount to a statistical analysis. The random k's a r e  computed from the coefficients of the 
binomial expansion of (h+d)8; the observed k ' s  a r e  computed from the experimental results 

The substitotion of deuterium for hydrogen offered an intriguing possibility for the study 

' 
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such that 

Comparison of the random and observed k's shows a small but significant preference for even 
numbers of deuteriums in  the olefins. 

Table V 

ISOTOPIC SPECIES IN METHANE, ETHANE AND 
CIS-BUTENE-2 FROM DEUTEROTORTING SHALE. 

I so topic  
3 e c i e s  

do 

d l  

d2 

d3 

d 4  

d5 

G7 

d6 

d8 

Methane 
x 

19 

23 

16 

16 

26 

Ethane' a )  
f 

12 

24 

20 

16 

12 

8 

8 

- cis -Bu te ne-2 

X kobs krandoe --- 
30.6 

18.9 0.75 2.29 

15.6 1.24 1.75 

10.4 0.86 1.60 

8 .1  1.17 1.56 

5.8 0.83 1.60 

5.0 1.72 1.75 

2.5 0.40 2.29 

3.1 

(a) Not better than 5 4 

DISCUSSION 

The changes of product ra te  with temperature from which activation energies a r e  calcu- 
lated were measured in a variety of kinetic experiments. 
three broad ranges of conversion: 0-40%, 40-87%, and 87-1000/0. 

Activation Energies 

ature was increased stepwise yielded apparent activation energies from incipient pyrolysis to 
about 85% conversion. Because the time intervals were short and the temperature increases 
moderate, one should not expect large changes in the structure of the kerogen or  in the nature 
of the product being formed during the short intervals of abrupt temperature increase. 

gave the Arrhenius plot shown in Figure 7. Activation energies were calculated from the slopes 
at selected temperatures in the range of 316 to 44VC (4.44'5% conversion). The anomaloue 
decline in  the rate  constants for the last 13% of product in the programmed temperature pyrolysis 
(Figure 7) is explained by the fact that these rate  constants a r e  expressed on a weight-yield 
rather than a molar basis. The increase in lower molecular weight products, and especially 
methane, must reflect changes in  the structure of the uncracked residue as it approaches coke. 
The change in slope suggests negative activation energies. However, reasonable values for this 
region can be obtained from the isothermal pyrolysis data in Figure 5 by treating the product 
ra te  curves a s  a linear combination of a fast and slow reaction, i. e. , fast and slow on a weight 
yield basis. The "slow" reaction becomes rate-controlling at about 96-97% conversion. The 
Arrhenius plot in Figure 8 for the rate  constants of these reactions gives apparent activation 
energies of about 40 for  the slow reaction and 50 for the fast reaction. 

The results can be correlated over 

Isothermal pyrolysis experiments, such a s  the example in Figure 3, in which the temper- 

The programmed-temperature experiment (Figure 6) yielded a set  of ra te  constants that 



Apparent activation energies from the isothermal and programmed-temperature experi- 
ments a r e  plotted in Figure 9 a s  a function of the extent of pyrolysis. The initially low values 
r i se  as  pyrolysis proceeds, and reach the 50-60 kcal/mol range after 40% conversion. This 
corresponds quite closely to the point at which Allred (1) inferred from the data of Hubbard and 
Robinson ( 6 )  that the decomposition of kerogen to bitumen was complete. From here forward, 
the reaction appears to follow first-order kinetics and the observed activation energies are in 
~xcel lent  agreement with the 57.1 kcal reported by Keith, et al, (8) for the thermal cracking of 
a Petroleum gas oil. The agreement is good enough to suggest that the last 60% or  so of the 
pyrolysis may be relatively uncomplicated rupture of carbon-carbon bonds. However, when high 
temperatures are used in the later stages of reaction, the rate  of product formation increases 
faster than the rate  of diffusion, even though porosity is high; hence the drop in apparent activa- 
tion energy. 

Evidence for Diffusion Effects 
In a diffusion-limited system the apparent activation energy should r i se  as  the effects of 

diffusion a re  reduced. Thus, the good heat transfer characteristics of the micropyrolysis 
reactor, the small shale particle size, the small sample size,  and the high sweep rate all tend 
to minimize the delay of getting product out. The activation energy in a large part of the reaction 
approaches 60 kcal and is the highest so far reported. The thermogravimetric method used by 
Allred (1,Z) utilized a finely powdered shale and a larger sample size, but depended largely on 
diffusion to get the product out of the sample bucket. His highest reported activation energy in  
the temperature range of 430-475°C was 40.5. Only a slight effect of sample size over the range 
of 0.25-2. 00 grams was noted. 

kerogen to more bitumen by the low temperature thermolysis of weak bonds, and--as will be 
proposed later--the occurrence of diffusion-controlled recombination reactions a r e  all factors 
that affect the kinetics in the early stages of pyrolysis. 

at low temperatures is diffusion-limited because of low porosity. The stepwise isothermal 
pyrolysis of 48-65 mesh shale at temperatures below 325°C gave a ser ies  of distillation-like 
fractions. They covered a molecular size range that was remarkably like the C13 to C33 range 
reported by Thorne (16) for solvent-extracted natural bitumen. That diffusion was a limiting 
factor is shown not only by the progression of molecular sizes with increasing temperature, but 
also by the observation that a C28 fraction could be stripped from a glass bead packed column 
at 180°C but required a temperature 100°C higher to be stripped from small shale particles. The 
same lack of porosity that interferes with volatilization into the gas stream could also interfere 
with the extraction of natural bitumen with solvents. We have observed that extraction of the 
shale before pyrolysis actually made little difference in the amount (ca 3%) of low temperature 
pyrolyzate. Even more strangely, concentrated kerogen that had been freed of most of the 
minerals by extraction with acid (HC1 and HF) and then further extracted with boiling chloroform 
and boiling benzene still yielded the low temperature material. Extraction at high temperatures 
under pressure has long been known to give larger bitumen extracts, but this may be a combina- 
tion of low-temperature thermolysis and solvent extraction. 

composition resulting from the use of hydrogen a s  retorting fluid. Shale particle size seems to 
have a considerable effect on the efficiency with which hydrogen interacts with the pyrolysis 
products. 

Free Radical Reactions 
The thermal cracking process is considered to involve free radicals. In an inert sweep 

gas the free  radicals may disappear by routes different from those in hydrogen. Data pertinent 
to the effect of hydrogen on product yield and composition a r e  in Table IV. Some fragmentary 
results on the incorporation of deuterium in some of the smaller molecules a r e  in Table V. 

The high yields of methane, ethane, and other light products under hydrogen pressure, 
and the high content of the mono-deutero species (methane-dl, ethane-dl) argue for  the import- 
ance of methyl, ethyl, and other small free radicals in the over-all reaction. There is no telling 
how many free radicals disappeared by coupling, but evidently a good many reacted with deu- 
terium: 

The presence of "natural bitumen" in small amounts in raw shale, the conversion of 

The elimination of high molecular weight products from the rock matrix during pyrolysis 

A very significant effect of diffusion is apparent in the differences in product yield and 

. 
CH3 . + D2 j C H 3 D  
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Quite a few appeared a s  undeuterated species, probably by abstracting hydrogen from a nearby 
organic molecule or from molecular hydrogen formed in the pyrolysis reaction. 

CH3. + R-H o r  Hz j C H 4  

Incidentally, the increased yield of light products a t  high pyrolysis temperatures may be a result 
of the increased availability of hydrogen due to the dehydrogenation of aliphatic precursors of 
aromatic compounds. 

stages of pyrolysis. The last 70% of the methane was produced along with the last 13% of the 
total product when the pyrolysis was done in helium. At that stage the shale is highly porous 
and would offer relatively little resistance to the diffusion of deuterium into the particles. 

The major isotopic species in the 2-butene-2  is the undeuterated molecule. One could 
postulate that the most important reaction of the butyl radical is loss of an atom of hydrogen, 
possibly due to abstraction by another radical, or disproportionation. 

The large methane-& content may well reflect the deuterogenation of coke in the latter 

C4Hg. - 3 C 4 H 8  + H. 

The tendency toward even numbers of deuteriums in  e -butene-2  suggests that olefin bi- 
radicals, or even diolefins such as butadiene, might be involved in a sequence of hydrogenation- 
dehydrogenation reactions while slowly diffusing from the developing pores. 

obtained by Schlinger and Jesse  (14) by hydrotorting large chunks of shale is not grossly different 
from the product distribution we obtained by retorting small shale particles with a high helium 
sweep rate. Unfortunately, data on the pyrolysis of large particles in  an inert gas were not in- 
cluded. Nevertheless, Schlinger and Jesse reported a considerable absorption of hydrogen, and 
their product is probably quite paraffinic. The product distribution in our hydrotorting experi- 
ment is profoundly different. The yield of gaseous hydrocarbons is much increased and the C29t 
component is almost non-existent. Evidently the improved diffusion in the micropyrolysis 
reactor had about the same moderating effect, in the presence of helium, on the recombination 
reactions as the 1000-2000 ps i  hydrogen pressure had in the large reactor with large pieces of 
shale. 

The product distributions in Table IV can now be The product distribution 

Comparison of the C5+ product in the three cases shows: 

c5+, Wt. % 

Helium Retort 88. 3 

Large-scale Hydrotort 87.3 
Micro-hydrotort 41. 8 (x 193% = 80. 6) 

In terms of the recovery of liquid fuels from shale, the reduction in loss to coke was more than 
compensated by increased yields of normally gaseous hydrocarbons. The actual yield of liquid 
products w a s  slightly reduced. 
of radical recombination. 

Perhaps the optimum process will provide for a controlled amount 

ADDITIONAL APPLICATIONS OF THE MICRO TECHNIQUE 

Because of the ease and speed of microretorting, many possibilities exist for coupling it 
with all sor ts  of specialized detection systems. Thus, one could pursue elusive details of re- 
action mechanism or  examine the effects of process variables on product components or product 
distribution. As examples of the kinds of phenomena that might be examined a r e  the following 
observations: a )  a tendency of sulfur compounds to be formed relatively early and nitrogen 
compounds relatively late in the pyrolysis, and b) a tendency for the product from hydrotorting 
to have higher ratios of nitrogen compounds to sulfur compounds than a re  observed in the product 
from inert gas retorting. 

Especially useful should be the selective sulfur (ll,l2) and nitrogen (13) detectors recently 
developed. In the programmed temperature mode of operation, one could continuously monitor 
the rates  of production of sulfur o r  nitrogen compounds. With selective t raps  one might monitor 
Particular compound types, such a s  basic or non-basic nitrogen, o r  individual compounds like 
HZS, NH3, H20 or COz. In isothermal operation the same sor t  of thing could be done to determine 
whether reaction orders  for sulfur- or nitrogen-containing products were the same a s  for hydro- 
carbons. In any of the variants where products a r e  trapped and component analysis is done 
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subsequently, the individual sulfur and nitrogen compounds can in many cases be identified a s  
well as  measured, 

Combinations of a suitable GLC column with selective traps could be further coupled with 
mass spectrometry for  a great variety of studies, particularly with deuterium as the retorting 
fluid--we have only scratched the surface. One can only wonder about the isotopic compositions 
of the other butane and butene isomers. Would straight-chain components be more or less 
deuterated than branched-chain or cyclic compounds ? What would be the isotopic composition 
of water, ammonia, o r  hydrogen sulfide? What would be the effect of process variables such as 
temperature, heating rate ,  particle size, and deuterium pressure on deuterium incorporation? 

CONCLUSIONS 

Pyrolysis of oil shale on a micro scale is a technique with much potential and some 
accompllshment. 

The pyrolysis reaction appears to be a somewhat diffusion-limited f i rs t  order reaction 
whose kinetics a r e  complicated by the possibility of more than one bond-breaking step in  going 
from kerogen to oil, gas, and coke. 

The extent of diffusion-control diminishes during the course of the reaction as the shale 
changes from impervious rock to highly porous ash, and increases at high heating rates because 
products a r e  generated faster than they can diffuse out of the pores. 

The effect of hydrogen in hydrotorting i s  to compete with condensation reactions. The 
result is increased yields of lighter products and less  coke formation. 

The use of deuterium gave results that a r e  consistent with a f ree  radical mechanism. 
thermal free radicals may become stabilized by the gain or loss of a D or  H atom or, depending 
on the extent of diffusion control, may recondense to form heavier product. 

' 
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INTRODUCTION 

Fischer assay is a procedure for determining the yield of oil from oil shale or similar 
material by programmed pyrolysis and collection of products. The major use of the procedure 
has been in establishing the values of shale properties. 

There are many versions of the assay method. 
the Fischer retort to oil shale assay was reported in 1949 by K. E. Stanfield and I. C. Frost 
(Report of Investigation 4477). The routine procedure used by the Bureau of Mines in Laramie 
involves simultaneous, automated operation of twelve retorts and gives produced oil and water 
yields but does not measure the evolved gas (1). A procedure for determining product balances 
was published by the same author (Z), which provided for collection and weighing of the product 
gas, while collecting the produced oil and water as usual. Product gas analyses were reported. 
A simiiar procedure was published by J. Ward Smith (3), along with data from very careful, 
complete material balance studies. Data from replicate runs were examined statistically. 

The Fischer assay apparatus in use at The Oil Shale Corporation permits collection of 
oil and water in the usual manner and allows for gas collection in either an  inverted graduated 
cylinder for simple volume measurement or in an evacuated gas receiver for both volume 
measurement and analysis by gas chromatography. The equipment was developed primarily for 
use i n  support of the 1000 ton per day Parachute Creek semi-works retorting facility, operated 
by TOSCO, rather than for core analysis. We have investigated the effects of shale particle size 
and terminal retorting temperature on oil yield and have carried out detailed studies on balances 
for  total material and for carbon, nitrogen and sulfur. 

The original work on the adaptation of 

EXPERIMENTAL 

Sample Preparation 

completely representative of the material being investigated. This is best accomplished by re- 
ducing the material t o  fine mesh size and thoroughly blending. 

prepared by A .  F. Taggert (4). The selected quantity of shale is prepared as follows: 

minus l/Z-inch size. 

"coffee-mill" grinder. Each grinding stage should lead to a finer grind, with the 
minus eight mesh material screened out and only the remaining plus eight mesh 
material recharged to the mill. Grinding in one stage can result in overheating 
the sample. 

A basic requirement of good Fischer assay is to start  with a sample of shale which is 

The size of sample required for a specific ore size can be determined by using directions 

1. If the sample size is large, grind it in a "Jaw-crusher" or "Chipmunk' crusher to 

2. Stage grind the minus l/B-inch material to a nominal minus eight mesh using a 

3. Blend the sample using a pad blender and normal blending techniques. 
4. Split the blended sample on a Jones Riffle to approximately one gallon. 
5 .  Grind, using an  appropriate pulverizer, to minus 65 mesh. (We have found the 6-inch 

Raymond Mill produced by Combustion Engineering to be satisfactory. ) 
6. Blend the pulverized sample and split out needed samples on a Jones Riffle. 
7 .  Dry the sample to constant weight at room temperature. Overheating the sample in 

a drying oven will result in reduced oil yield. 
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Operation of Equipment 
The apparatus is described in Figure 1. One hundred (100) grams of dried oil shale a re  

placed in a 7-ounce aluminum can which is then placed in the retort, and the retort  head is bolted 
in Place using an aluminum gasket for sealing. The charged and sealed autoclave is placed in 
the Transite heater case equipped with electric heating elements, and the glassware is attached 
as indicated. The calibrated centrifuge (receiver) tube is immersed in ice water, and ice water 
is also Pumped through the water condenser. The apparatus is  checked for leaks by placing 
under vacuum and observing any changes in an attached vacuum gage. The system is then purged 
with nitrogen. 

Stopcocks are  arranged so that the produced gas goes either to the inverted graduated 
cylinder for routine assay or to the glass gas bomb for complete material balance assay. In 
the latter case, the mercury switch manometer is set  to open the solenoid valve whenever the 
system Pressure exceeds ambient pressure. The opening of the solenoid valve allows gas to 
flow into the evacuated gas bomb until the system pressure is below ambient, a t  which time 
the mercury switch is activated and the solenoid valve is  closed. 

The heating schedule (below) is started and maintained by manual control of a Variac 
which feeds power to the electric heating elements in the retort heater case. 

Time, minutes Temperature (“F1 

5 
10 
15 
20 
25 
30 
35 
40 
45 
50 

50 - 70 
off 

113 
2 12 
311 
419 
536 
662 
761 
860 
9 14 
932 
932 

A t  the end of the heating cycle a nitrogen purge is conducted. If the product gas has been 
directed into the inverted graduated cylinder the two liquid levels a r e  equalized and the volume 
reading taken before purging. Nitrogen is then passed through the gas heater and through the 
retort to force oil remaining on the retort  side arm down into the oil receiver. If the evacuated 
glass gas bomb was used, the hot nitrogen purge is directed similarly through the retort and 
finally into the gas bomb. 
analysis of the contained gas, the nitrogen contribution can be ascertained and the true product 
gas quantity determined. A s  stated below, we have found that nitrogen is not a product of oil 
shale retorting. 

water condenser and weighed. The weight increase represents water plus oil. The oil receiver 
is then separated from the adapter and warmed and centrifuged. The water layer is removed 
in a tared syringe and weighed, allowing calculation of the weight of oil. The specific gravity of 
the oil is determined, and the oil and water yields a re  calculatedin gallons per ton of shale. 
The gas yield is also calculated in SCF per ton. 

From the total volume of the gas bomb and the gas chromatography 

The glass adapter and oil receiver, previously tared, a r e  removed from the retort and 

RESULTS AND DISCUSSION 

Statistical Analysis of Data 
Forty-two (42) Fischer assays were run in routine fashion by the same operator on a 

single raw shale sample utilizing gas collection in the inverted graduated cylinder. Data ob- 
tained are  shown in Table I. 

When this work was done the water was determined by visual observation of the Cali- 
brated centrifuge tube receiver. Since then w e  have begun removing the centrifuged water 
layer in a tared syringe and determining the water by weight difference. This improved pro- 
cedure should reduce the uncertainty in water yield and, to a lesser extent, the uncertainty in 
oil yield. 
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TABLE I 

Results of Forty-Two Replicate Fischer Assayg 

Arithmetic Mean Mean Deviation Standard Deviation 

Oil Yield (gallons per ton) 33.17 0.237 
Gas Yield (SCF per ton) 1028 33. 3 
Water Yield (gallons per ton) 2.82 0. 28 

0. 291 

0. 33 
45. 6 

Material and Carbon Balances 

The Fischer assay procedure utilized gas recovery in the large, evacuated gas bomb followed 
by complete gas chromatography analysis. 

A sample of 33 gallon per ton oil shale was used in a complete product balance study. 

The normalized gas analysis is shown in Table II 

TABLE Il 

Fischer Assay Gas Analvsis 

Component Mole % 

Hydrogen 
Carbon Monoxide 
Carbon Dioxide 
Hydrogen Sulfide 
Methane 
Ethane 
Ethylene 
Propane 
Propylene 
is0 Butane 
n-Butane 
Butenes 

C6'S* 
C5'S* 

C7'S* 
C8'S* 
Cg and heavier 

Total 

36.4 
3.6 

18. 0 
2.9 

17. 2 
7.1 
3.3 
3.2 
2.9 
0.1 
1. 0 
1.7 
1.4 
0. I 
0.3 
0.1 
nil 

99.9 

* Assumed molecular weight is calculated as Cn H (2n + 1). 

The raw shale and spent shale were analysed for total carbon by the conventional combus- 
tion procedure (5). Inorganic carbon was determined by measuring carbon dioxide released by 
reaction with hydrochloric acid (6). In raw shale and spent shale the organic carbon value is 
the difference between total carbon and mineral carbon. Total carbon in the gas was calculated 
from the total amount of gas and from the analysis shown in Table 11. The mineral carbon in the 
gas was calculated from the difference in mineral carbon values between the raw shale and spent 
shale, assuming this difference was represented hy a portion of the carbon dioxide in the gas 
(Table I). The remainder of the carbon dioxide in  the gas is assumed to be of organic origin. 
We have found in normal Fischer assay that somewhat more than half of the carbon dioxide in 
the gas is derived from pyrolysis of inorganic carbonates. J. Ward Smith (3) found in eight 
replicate runs, with 26 gallon per ton shale, that an average of 50% of the carbon dioxide in the 
gas was inorganic derived. 

and inorganic carbon balances a r e  given in Table N. The contribution of retort  water contents 
to the carbon balances is very small  and can be ignored. 

value of the information would be questionable. 
organic hydrogen from hydrogen present as water in the mineral matrix. 

Nitrogen and Sulfur Balances 

The total product balance and total carbon balance a r e  shown in Table 111. The organic 

It would be straightforward to obtain a hydrogen balance around Fischer assay, but the 
There is no reasonable way to distinguish 

The same raw shale a s  used above was subjected to additional total product balance 
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Raw Shale  

Spent Shale 

011 

Gas 

Water 
Total 

% Deviation 

TABLE I n  

Product Balances" 

Total Product 

Welqht (Ibs) In 

2000 

Welqht (Ihs) Out 

1648 

252 

70.5 

- 23 
2000 1993.5 

0.32 

Total Carbon 

Weiqht (Ibs) In 

430  

Weiqht (Ibs) Out 

177.2 

213.4 

38.4 

- - -  - ___ 
430 429 

0.23 1 

Based on one ton of raw shale,  33 gallons per ton Fischer assay oil yield. 

Orqanlc and Inoruanlc Carbon Balances 

Orqanlc Carbon Inorqanh Carbon 

Materlal Weiuht(1bs) Wt.% Oroanlc Carbon Weloht(1bs)In Weiuht(1bs)Out Wt.%Inoruanlc Carbon Weluht(1bs)In Weiqht(1bs)Out 

Raw Shale 2000  16.43 330.6 4.97 99.40 

Spent Shale 1648 4.94 81.4 5 .81  95.75 r ,  

_ _ _  - - -  Gii  252 84.69 213.4 

Gas 70.5 49.25 34.7 5.24 3.69 

Water 23 _ _ -  - - -  - - -  _ - _  i 
- - - - 

Total 330.6 329.4 99.40 39.44 

% Deviation 0.36 0.04 

* Based on one ton of raw sha le ,  33 gallons per ton Fischer a s s a y  all  yield.  

m V  

Sulfur Balance* 

Sulfur 

Material Weluht (Ibs) Wt.% Sulfur Welqht (Ibs) In Welqht (Ibs) Out 

Raw Shale  2000 0.75 15 

Spent Shale  1656 0.63 10.4 

011 250 0.88 2.2 

Gas 52 5.42 2.8 

Water 22 0.03 "11 
- - 

Total 15 15.4 

% Devlatlon 2.7 

* Based on one ton of raw sha le ,  3 3  gallons per ton Fischer a s s a y  oil  yield.  



TABLE VI 

Nitroqen Balance * 

Material Weiqht (lbs) Wt.% N (as NH3) Weight (lbs) In Weiqht (lbs) Out 

Raw Shale 2000 0.56 11.20 

Spent Shale 1648 0.34 5.60 

Oil 252.8 2.21 5.59 

Gas 

Water 23.0 1 .E7 
Total 

% Deviation 

- 
11.20 

nil 

0.43 
11.62 
- 

3.8 

Based on one ton of raw shale, 33 gallons per ton Fischer assay  oil yield. 

Screen Size 
JU .S . Standard) 

+10 
-10 t o  +20 
-20 to +40 
-40 to +EO 

-80 
Head Assay* 

TABLE VI1 

Screen Size vs .  Oil Yield 

Oil Yield 
Wt.% j q  allons per t o 4  

78.6 38.3 
11.9 35.7 
4.7 34.1 
2.6 32.5 
2.2 32.7 

100 37.2 

Size Wt .% X 011 
Yield 

30.1 
4.2 
1.6 
0.8 
0.7 

37.2 

Yield by Head Assay* 
Yield by Fraction Assay 

37.2 gallons per ton 
37.4 gallons per ton 

Variance 0.5% 

*Oil yield of undivided, original sample. 

TABLE VIII 

Effect of Terminal Temperature on Product Yield 

(Raw Shale Sample 01-1132) 

Terminal (maximum) 
Temperature (OF) 

075 
875 

900 
900 

932 
932 
93 2 
932 
932 

Oil Yield 
(gallons per ton) 

35.1 
35.6 

37.4 
37.9 

38.0 
37.9 
37.4 
37.2 
37.7 

Water Yield 
jaallons per ton] 

2.4 
2.4 

2.9 
2.9 

2.8 
2.4 
2.9 
2.2 
3.0 

Gas Yield 
lSCF Der ton] 

81 0 
835 

940 
925 

1260 
1360 
1260 
1330 
1165 
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Fischer assays, and the charge materials and products were analyzed for nitrogen and sulfur. 
The nitrogen contents of the raw shale, spent shale, water and oil were determined by conventional 
Kjeldahl analysis. The sulfur contents of raw shale and spent shale were determined by com- 
bustion in a Leco furnace. The sulfur content of the gas was calculated from the hydrogen sulfide 
content, as determined by gas chromatography. The oil was analyzed for sulfur by X-ray 
fluorescence. Sulfur in  water was assumed to be sulfide and was determined by iodimetric 
titration. 

The amount of nitrogen remaining in the spent shale was unexpected since inorganic 
nitrogen compounds have not been reported in Green River formation oil shale. 

Ammonia is never found in gas produced by shale retorting because of its rapid reaction 
with both carbon dioxide and hydrogen sulfide in the vapor phase. It is believed that all  of the 
produced ammonia ends up in the retort water. 

Independent tes ts  on Fischer assay equipment and at  the Parachute Creek semi-works 
facility, operated by TOSCO, have shown that molecular nitrogen is not a product of shale re- 
torting. 

Effect of Shale Particle Size on Oil Yield 
A sample of crushed shale of random particle size distribution was separated into various 

screen fractions, and the individual fractions were subjected to the usual sample preparation and 
Fischer assay. 

was observed in every case which we investigated. 

Variation of Product Yields with Terminal Retorting Temperature 

section, It calls for leveling off the retorting temperature at  932°F (500°C) after 50 minutes, 
maintaining this temperature for an additional 20 minutes and then shutting off power. 
investigation was made of the effect of varying the terminal temperature on product yield dis- 
tribution. In each case the time cycle was unchanged, but the maximum temperature was 
leveled off a s  soon a s  it was reached. 

little difference in oil yield between the two higher temperatures. The difference in gas yields 
between the two higher temperatures is likely due to formation of more carbon dioxide from in- 
organic components a t  the 932°F temperature. 

The results a r e  given in Table VII. 
The general decrease in oil yield with decreasing particle size is evident. This trend 

The standard retorting time-temperature schedule is described above in the experimental 

A brief 

Data a r e  given in Table W I .  
The 875°F temperature does not permit complete retorting of the oil. There seems to be 
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INTRODUCTION 

Thirty years ago, the plenary session of the first Conference on Oil Shale and Cannel 
Coal (1) adopted a resolution that a standard nomenclature for oil shale was most desirable and 
that a suitable classification should be secured. No such scheme has ever been adopted. One 
of the difficulties of any system based on the nature of kerogen itself, has been the virtual 
absence of recognisable features in the organic matter of the rock, the biological progenitor 
having been so macerated and metamorphosed that little of the original structure remains. One 
notable exception is the oil shale called tasmanite, which has characteristics so  different from 
normal that, for over a century, i t  was believed to be utterly dissimilar from all others. In 
their early classification, Down and Himus (6) regarded tasmanite a s  unique and placed it in a 
separate category. 

oil shale, large deposits of which were, until recently, regarded as endemic to Tasmania. 
ever, in 1966, Tourtelot, Tailleur and Donne11 (16) described a particularly rich, although not so 
distinctive, deposit which has been found in Alaska. 
manian deposit. 

these have been amply covered elsewhere (14). 

The purpose of this paper is to record the nature and thermal behaviour of this peculiar 
How- 

This paper deals exclusively with the Tas- 
The chemistry of the Alaskan material will be the subject of a later contribution. 

For completeness, however, a summary is given. 
It is outside the scope of the paper to discuss the geological features of tasmanite a s  

RESULTS AND DISCUSSION 

Occurrence and Nature 

5 feet thick in the Upper Permian in a relatively restricted area in  northwestern Tasmania, 
fairly close to the coast. It would appear that the boundary of the deposit followed roughly the 
coast of the Permian sea and was associated with shallow waters of the early coastal islands. 
Above and below the tasmanite a re  mudstones associated with pebbly conglomerates. Insignifi- 
cant patches of tasmanite have also been observed at other isolated places in northern Tasmania 
a s  well as on the mainland of Australia. There is no recorded occurrence in southern Tasmania. 

The mineral matrix consists largely of fine silicaceous marlstone, silica particles and 
clay, together with small amounts of carbonates and sulphides. The total mineral matter varies 
between 50% and 90% of the entire rock, with a corresponding specific gravity range of 1.2-1.6. 

adventitious inclusions of quartz, grit and pyrite a re  to be found througllout the deposit. 
of representative analyses (various authorities) of the ignited mineral matter is shown (% w/w) 
in Table 1. 

The rock itself is grey-brown in colour, soft, fissile and combustible. When examined 
closely, many samples of tasmanite have a minute speckled appearance made up of innumerable 
orange spots just visible to the naked eye. These discrete particles a r e  tasmanite "kerogen". 

Tasmanite occurs a s  a single dichotomous seam, or two closely associated seams, about 

The composition of the ash does not vary very much with the richness of the seam and 
A range 

The Organic Matter 

entirelv of numberless yellowish clearly differentiated small discs embedded in the mineral 
The organic matter of tasmanite is different from any other rock type and consists nearly 

matrix. The discrete particles, when viewed under the microscope perpendicular to the bedding 
plane, appear, when whole, as  translucent disc-shaped bodies, roughly 1/2 mm in diameter with 
a creased and sculptured surface (see Figure 1. A satisfactory vertical section is shown in 
Ref. 6, Figure 3). In transverse section, innumerable distorted overlapping flattened sausages 
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are observed and it is not unreasonable to assume that the undistorted entities were nearly spher- 
ical in shape and have become flattened and creased under geological pressure. The nature of the 
surface sculpturing and the spore morphology have been discussed by Singh (15) and Wal l  (17). 
Opinion on the exact nature of the "spore cases" has varied widely and, in this paper, the term 
"spore" wil l  be used to designate the particulate bodies which, in aggregate, make up most of 
the kerogen of tasmanite. It is not meant to infer that they are  true spores in the botanical 
sense. 

TABLE 1 

Analysis of Tasnanite Ash 

Range 8 Constituent 

Silica 70 - 77 
Al& 11 - 16 

CaO 0.4 - 4 
Mgo 0.7 - 3 

Fe203 5 - 7  

so3 0.4 - 2 

Nap0 0.5 - 2 
K20 2 - 3  

Descriptions of tasmanite date from 1857 when the first record of ,the rock appeared in 
the "Papers and Proceedings of the Royal Society of Van Dieman's Land" - now Tasmania. In 
the ensuing decade, several references to this "combustible schist'' or "white coal" were made 
in the scientific literature until, in 1864, the name "tasmanite" was given by Church (5). Some- 
what later, Newton (13) isolated the spore bodies mentioned above and applied the generic name 
"Tasmanites" in deference to their origin and specifically "punctatus" because of their punctation 
or surface markings. 

this idea and suggested that they were "allied to Lycopdiaceous macrospores". For a long time, 
these disc-like microfossils were regarded, not without suspicion, as belonging to a plant 
possibly allied to the Lepidodendroids or Equisetales. 
that the tasmanite discs w e r e  indeed fossil leiospheres derived from an alga probably belonging 
to the Chlorophyceae and this has remained the consensus, the genus retaining the name 
"Tasmanites". Somewhat later, Wall (17) reaffirmed the identity of Tasmanites and showed its 
close affinity to the extant spherical green alga Pachysphaera pelagica (Ostenfeld 18991, both of 
which he placed in the Leiosphaeridae. The paleobotany of both Tasmanites and Leiosphaerida 
have been discussed by Eisenack (7). It would appear that the relationship between Pachysphaera 
and Tasmanites is closely parallelled by Bottryococcus braunii which is sometimes found in vast 
quantities in the Coorong in Soutii Australia and in certain lakes in Siberia. In the case of 
Bottryococcus, the Permian alga responsible for the torbanites of Scotland and Australia so 
closely resembles i ts  present day counterpart that palaeobotanists cannot justify a separate genus 
and have decided to retain the same name for both. Wall's contention that "Pachysphaera is 
regarded as  a living representative of the fossil genus Tasmanites" would apply equally well to 
Bottryococcus, which contributes both to the extant Coorongite and to the fossil fuel torbanite. 

Isolation of Tasmanite Kerogen 

received extensive study over a long period (4, E!). Usually chemical dissolution and removal of 
the mineral matter is either weak and ineffectual or is so drastic as to attack the kerogen itself. 
in the ca8e uf tasmaiiite, hawevcr, XI initial efficient neparation may be achieved by crushing 
and weak acid leaching followed by systematic screening. A s  the individual spores are  large 
and of a relatively narrow size range, conventional sieves may be used. Singh (15) gives the 
extremes as  200-533p with a mean diameter of 366,U. 

It is interesting to note that the screen fractions showed the systematic change in proper- 
ties given in Table 2. The smaller mesh size consists of broken spores, pieces of cuticle, fine 
silica and clay, whereas the +30 mesh consists essentially in aggregates and adventitious matter. 

If gangue be removed as "sink" in an aqueous solution of specific gravity 1.2 and the 
"float" be screened on a 30, 40, 50, 70, 100 mesh screen system, virtually pure spores may be 
collected within the -40, +50 mesh size, 

Initially the spores were believed to be algal in origin, but Newton (13) in 1875 rejected 

However, in 1941, Kr'riusel (10) showed 

The benefication of the organic matter (kerogen) in oil shale by protracted leaching has 
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TABLE 2 

Properties of Tammite vs. Par t ic le  Size 

Screen size Ash % wlw Colour of Ash 

+3n 27 red 
-30, +50 4 1  p* 
-50, +70 67 Pa: P d  
-70 88 p*sh grey 

Constitution of Tasmanite Kerogen 
The organic matter of tasmanite may be divided, from the viewpoint of morphology, into: 
1. Entire or  nearly entire spores which make up about three quarters of the kerogen. 
2. Residual organic matter which, under the microscope, appears as spore fragments, 

cuticle, vegetal dust and other detritus. 
If the spores be removed, the residual organic matter is still oil yielding, although to a 

lesser degree (about 14 gab'ton), and it is uncertain how much of the non-spore material is made 
up by contributions from vascular plant remains. 

The examination described below was carried out on a sample of "spore case" concentrate 
which had been prepared, many years previously, by flotation concentration in a ferric chloride 
solution. The sample, which received no chemical treatment, is referred to hereafter as "the 
concentrate". 

A second quantity of the screened spore concentrate was treated according to the eleven 
stage purification described by Getzsche, Vicari and Scharer (8). Unfortunately, this prolonged 
treatment ruptured many spores, but on re-screening a quantity of entire, chemically pure, 
spores was recovered. Getzsche et a1 asserted that the purified organic matter was nitrogen 
and sulphur free and had an elemental analysis corresponding to C = 72.5%, H = 9.2%, 0 
but one must regard these data of questionable value. 
on the above analysis and he demonstrated that normal spores had a remarkably uniform composi- 
tion which is  shown in Column IV, Table 3 (even when purified according to Getzsche et al). How- 
ever, Kurth found that the non-spore organic material was variable in composition and a repre- 
sentative analysis is given in Column In of Table 3. 

18.2%, 
Later work by Kurth (11) cast grave doubts 

TABLE 3 

Composition of Purified Tasnanite Kerogen (% wlw) 

Range of Non-spore Purified F t r e  
Spore MaeeFial Material Spore Material Entire Spores 

carbon 76.9 - 78.8 66.1 78.50 78.10 
9.8 - 10 .4  10.2 10.35 10.21 

Nitrogen 1.3 0.61, 0.61 
Sulphur 4.66 - 5.12 2.0 4.70 5.14 
Hydrogen 0.59 - 0.64 

Oxygen (diff) 5.81 - 9.67 20.4 5.81 5.94 

Once again one must emphasize that it is imprudent to regard kerogen as a specific sub- 
stance and, as Cane has pointed out elsewhere ( Z ) ,  it seems extremely improbable that any 
kerogen has a chemical constitution in the classical sense. Nevertheless, within the accepted 
definition, these spores, together with much broken material etc., a re  indeed the kerogen of 
tasmanite. 

Although'both the macroscopic and microscopic features of tasmanite might lead m e  to  
suspect a chemistry somewhat dissimilar from other shales, this has not been shown to be the 
case, except for the more important role of sulphur and the nature of the "solubles". Superficial 
examination of elemental analyses would suggest a "rank" lower than other algal shales, but 
careful plotting of published data on a Ralston diagram shows no significant trend and, on a S + N 
free basis, the elemental composition is not abnormal. If, however, one's consideration in- 
cludes nitrogen and sulphur, it can be seen that the latter element is notably high - organic 
sulphur exceeds 5% in some samples on a d. a,f. basis. The only other organic rock surpassing 
this figure is Kimmeridge oil shale [Himus (9L] which, in most aspects, is exceptional. 

Tasmanite kerogen which has been concentrated by the flotation/screening technique dis- 
cussed above is a brown free-flowing powder of specific gravity about 1.09. 
first stage concentrate (flotation/screening) was 24.3%, and, after the prolonged chemical 

The ash of the 
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purification of Getzsche et  a1 (8) ,  this was reduced to 1.1%. The elemental analysis (d. a. f. 
basis) is shown in Table 3. The concentrate oil yield was 141 gal/ton (U. S. ) from which the cal- 
culated yield of pure spore material was 186 gayton. 
the Getzsche method, was 189 gal/ton. 

responding to the normal C-H stretch, C-H bend, carbonyl (ester) and ( C H Z ) ~  rock frequencies 
characteristic of most kerogens. The benzene/methanol extract spectrum was much the same, 
except for a strong absorption at 680 cm-1, to which a polysubstituted aromatic structure is 
tentatively assigned. 
pyrolysate except that the latter showed a somewhat more substituted aromatic nature in the 
740-820 cm-1 region than other shale oils with which the writer has had experience. 

Thermal Behaviour 

to other algal shales, although thermal instability occurred at  a lower temperature. Noticeable 
decomposition commenced at 255-270" with evolution of water contaminated with colloidal sul- 
phur and carbon dioxide and, at a somewhat higher temperature, the production of a dank smell- 
ing, honey-like viscid material from which crystals deposited on cooling. This early product, 
which amounted to 3.2% of the concentrate, was unlike true tasmanite oil and it is assumed that 
it represents portions of the resinous soluble matter mentioned below. It is interesting to note 
that the concentrate purified by Getzsche's method did not show this varnish-like distillate 
nor the incipient decomposition at 270°C. 

Evolution of tasmanite oil, accompanied by the copious production of hydrogen sulphide, 
started at about 340"C, reached a maximum at about 430°C and was virtually complete at 480°C. 
Hydrogen sulphide accounts for nearly half the total sulphur. There was some indication, and 
this has been noted by previous workers (11), that the initial pyrolysis is dissimilar to that 
occurring in excess of 34OoC, at which temperature oil production starts in earnest. 

Although no serious attempt was made to measure the energetics of the pyrolysis, cal- 
culation of the kinetics of the oil forming reactions showed a rate constant of 0.21 x 10-4 sec-l 
a t  350"C, a result strictly comparable with published figures on other shales. The available 
data did not permit the calculation of activation energies. 

collapse and the retort charge w a s  transformed into a bubbling mass of bitumen-like material. 
This, of course, is the tarry intermediate, characteristic of the penultimate stage (3) of kerogen 
pyrolysis. Apparently there is sufficient mineral matter i n  the case of the concentrate to main- 
tain a degree of solidarity, although a coherent mass of coke was obtained. 

Tasmanite oil 

pyrolysis of the concentrate, the temperature being maintained below 45 0". 

The oil yield of the spores, purified by 

Infra-red examination of the purified de-ashed spores showed absorption maxima cor- 

There were no abnormalities in the spectra of either the kerogen or its 

On heating at the rate of 100°C per hour, the concentrate behaved in a manner similar 

When the de-ashed spores were heated to about 350", there was complete structural 

Table 4 gives the general properties of tasmanite oil which has been produced by gentle 

* Table 4 

Properties of Tasmanite O i l  

Specific Gravity @ 15OC 0.854 
Refractive Index @ 15OC 1.4684 
T a r  Acids % 4.5 
Tar Bases % 3.2 
Sulphur % 2.22 
Nitrogen % 0.34 
Saturates % 43.9 

The oil is a thin brown liquid with a remarkably clinging odour, thought to be connected 
with the nitrogen bodies rather than sulphur compounds. It is low in wax but high in sulphur, 
the amount of which, with respect to distillation temperature, goes through a maximum and then 
decreases. The sulphur bodies a re  alkyl and aryl thiols, thiophene and more complex sub- 
stances. A s  with al l  materials of this nature, it is difficult to state with certainty how much 
sulphur in the oil has  been formed during pyrolysis from inorganic sulphur and the organic 
matter, but oils exceeding 2.7% S have been produced from the upper portions of the seam. 

The nitrogen compounds (tar bases) are  largely alkyl pyridines and quinolines, but 
another type of nitrogen compound appears present which could possibly be alkaloidal in structure. 
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This contention is supported by a pronounced physiological reaction when working with the iso- 
lated bases. This bio-active material is being examined by another group in this University. 

Solubles 

that of all other shales so far examined. The extract was a brown resinous varnish-like mater- 
ial (4.1% w/w on the concentrate) unlike the normal waxy or bitumenous extract. An infra-red 
spectrum showed considerably more aromatic characteristics than usual and i t  is believed that 
the extract may consist substantially of portion of the resistant coat discussed by W a l l  (17). 
Possibly the extract may, in its present form, be related to abietic acid as early research gave 
strong indications of retene structures in the dehydrogenated extract. 

The nature of the material extracted by a benzene/methanol mixture is different from 
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INTRODUCTION 

One of the most important phases of shale-oil research is the characterization of shale- 
oil distillate fractions. The naphtha fraction has been described in detail (l), but i t  comprises 
only 5 to 10 per cent of shale-oil crudes and extrapolation of the naphtha characterization to 
heavier distillates is not of much value. Although the middle-distillate fraction comprises about 
20 per  cent of shale-oil crudes, very little has been reported on the characterization of this 
material. 
30 per cent of the shale oil, and it is characterization of the saturates and of the olefins in this 
gas oil that this paper will report. 

type concentrates has been previously described (2). 
methods used to separate the gas oil into a nitrogen-compound concentrate (43%), an aromatic 
concentrate (22%), an olefin concentrate (19%), and a saturate concentrate (16%). Characteriza- 
tion of the nitrogen-compound concentrate in terms of model compounds has been reported (3) 
and work is presently in progress to characterize the aromatic concentrate. 

compound types within rather broad limits. The saturates a re  described with respect to the 
normal paraffin chain length, to the degree of branching in the branched paraffin, and to the 
number of condensed-ring structures. The olefins are  described in the same terms as the satur- 
ates with the addition of describing the location of the double bond. Some possible precursors of 
the saturates and olefins in the original kerogen are  also discussed. 

The gas-oil fraction is the largest distillate fraction of shale oil, amounting to about 

Separation of a Green River shale-oil gas oil (boiling range 300 to 600°C) into compound- 
Figure 1 is a flow diagram showing the 

This paper describes the paraffins and olefins in shale-oil gas oil in terms of hydrocarbon- 

CHARACTERIZATION OF SATURATE CONCENTRATE 

The saturate concentrate, prepared as described earlier (2), was characterized utilizing 
one further separation step, that of thermal diffusion. The fractions from the thermal-diffusion 
separation were examined by mass spectroscopy (MS) and nuclear magnetic.resonance spectro- 
scopy (NMR). 

Thermal-Diffusion Separation 

operated under the following temperature conditions: Water outlet, 95'C; water inlet, 45°C; 
top of column, 110°C; middle of column, 100°C; and the bottom of the column, 70°C. The sample 
was in the column under these conditions for 100 hours. 
the fractions from this separation. 
tion of the first oight fractions from the thermal-diffusion column. This consistency of com- 
Position of the top eight fractions will also be shown in the characterization by mass and NMR 
spectroscopy. 

Mass Spectral Characterization 
High-voltage mass spectra of each of the thermal-diffusion fractions were obtained. 

These MS data were treated by Lumpkin's method (4) to determine the amounts of paraffins, 
noncondensed naphthenes, and condensed naphthenes with up to six rings per molecule. 
method did not give a breakdown between normal paraffins and branched paraffins, and a method 
of estimating this breakdown was developed. 

is based upon three premises: (1. Branched paraffins have small parent ions, (2. a standard 

A sample of the saturate concentrate was charged to a liquid-thermal-diffusion column 

Table 1 lists the refractive indices of 
The refractive indices show little difference in the composi- 

Lumpkin's 

The method of estimating the normal paraffin-branched paraffin split, using 'IO-volt MS, 
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TABLE I. - Refractive indices of thermal-diffusion fractions 
from the saturate concentrate 

Fro ct ion 

Refractive index, 
1/ 60 OC- 

nD 

1 1 -4346 
2 1 -4347 
3 1 -4348 
4 1.4350 
5 1.4351 
6 1.4353 
7 1 -4357 
8 1.4360 
9 1.4395 

10 1 -4503 

- 1/ Run at 60 OC-besauseiples were solid at 20 ' e .  
TABLE I I  - Composition of thermal-diffusion fractions from the 

sat w ra te  concentrate, vol urneqercent 

Alkane type 
Fraction Total 

1 2 5 7 8 9 10 concentrate 

n -Paraffi ns 
Branched paraffins 
1 -Ring naphthenes 
2-Ring condensed naphthenes 
3-Ring condensed naphtheries 
4-Ring condensed naphthenes 
5-Ring condensed naphthenes 
6-Ring condensed naphthenes 

TABLE II II. - Normal-paraffin distribution in saturate concentrate 

Carbon number of Volume-percent of 
n-paraffi n total n-paraffins 

22 1 
23 1 
24 4 
25 15 
26 23 
27 27 
28 18 
29 10 
30 1 
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TABLE IV. - Types of olefins i n  the thermal-diffusion fractions from 
the olefin concentrate by IR spectroscopy 

Thermal- Mole-percent identified 
diffusion Trans Cis 
fraction RCH=CHR' RCH=CH, RR'C=CH2 RR'GCHR" RCH=CHR' Total 

1 31 21 - 7 8 67 
2 31 20 - 5 6 62 
3 32 19 - 8 4 63 
4 33 18 1 8 5 65 
5 31 15 1 7 6 60 
6 26 12 1 10 4 53 
7 17 8 1 10 3 39 
8 13 5 2 9 2 31 
9 12 3 2 1 1  3 31 
10 12 3 -  2 10 2 29 

Average 24 12 1 9 4 50 

TABLE V. - NMR determination of hydrogen types i n  thermal-diffusion 
fractions of  olefin concentrate 

Atom-percent total hydrogen 
Methylene 

Thermal - 
diffusion 
fraction Vinyl 3/ 

1/ and hydrogens methip hydrogen- 
Methyl 

hydrogen- 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

7.2 
7.5 
8.5 
11.5 
11.7 
16.9 
27.4 
31.7 
36.3 
34.0 

88.7 
88.6 
88.0 
85.1 
85.0 
80.2 
70.3 
66.6 
62.2 
64.9 

4.1 
3.9 
3.5 
3.6 
3.3 
2.9 
2.3 
1.7 
1.5 
1.1 

1/ 0.70 to 1.17 ppm. 
2/ 1.17 to 3.00 ppm. 
T/ 5.00 to 6.30 ppm. 

- 
- 
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total ionization for equal volumes of hydrocarbons (either mixtures or pure samples) can be cal- 
culated by Hood's method (5),  and (3.  the average carbon number for the branched and cyclic 
saturates is  the same as  for the normal paraffin in each fraction. 

The following steps a re  necessary to use this method: 
1. Determine the sensitivity of the monoisotopic molecular ion for a standard total ioniza- 

tion for each normal paraffin. This i s  done using available pure normal paraffins. 
2. Calculate monoisotopic peak height for the molecular ions for the normal paraffins 

in the unknown sample. 
3.  Divide these monoisotopic peak heights by the sensitivity for each carbon number. This 

gives the relative volume (V,) of each normal paraffin in the sample. 
4. Determine the average carbon number of the sample by dividing the sum of the products 

of the carbon number times the Vr  of each carbon number by the sum of the relative 
volumes. 

5. Calculate the standard total ionization (Is) for the sample according to Hood's method (5). 
6. Add all  peak heights in the spectrum from m/e 39 to the end of the spectrum of the 

7.  The following calculation then gives the volume-per cent normal paraffins in the sample: 
unknown sample to get the observed total ionization (It) for the sample. 

ls x N r  loo = volume-per cent normal paraffins 
It 

Table I1 lists the alkane-type composition of selected thermal-diffusion fractions and the 
total saturate concentrate as obtained by a combination of Lumpkin's calculations and the above 
calculation for the amount of normal paraffin in a sample. 

number distribution of the normal paraffins in the thermal-diffusion fractions. 
is calculated as follows: 

The method of estimating the normal paraffins was also used to determine the carbon- 
This distribution 

vr X 100 = per cent of total normal paraffin in each carbon number 
Z V r  

Table 111 is the summation of the normal-paraffin distribution from the thermal-diffusion frac- 
tions from the saturate concentrate. 
ate concentrate had chain lengths from 25 to 29 carbon atoms. 

Nuclear Magnetic Resonance Characterization 
The NMR spectra of the 10 thermal-diffusion fractions were used to estimate the relative 

amounts of the different kinds of hydrogen in each of the thermal-diffusion fractions. Using car- 
bon tetrachloride a s  the solvent and tetramethylsilane as an internal standard, the 0.70- to 1. 05- 
ppm band was used to determine the methyl hydrogens, and the 1. 05- to 2.00-ppm hand was used 
to  determine the combined methylene and methine hydrogens. Integration of the NMR spectra of 
the thermal-diffusion fractions shows that fractions 1 through 8 are  similar and contain 88 per 
cent methylene-plus-methine hydrogens and 12 per cent methyl hydrogens. These data indicate 
that there i s  an average of three methyl groups per branched paraffin molecule, or only an aver- 
age of one branch per molecule. 

The bottom two thermal-diffusion fractions show substantial increases in methyl hydrogens. 
The percentage of methyl hydrogen in thermal-diffusion fraction 9 was 16 per cent, and in thermal- 
diffusion fraction 10 it was 18 per cent. 
that the number of methyl groups per average cyclic molecule i s  4 for fraction 9 and is 3 . 5  for 
fraction 10. 

Discussion of the Saturate Concentrate 
The overall picture of the saturate concentrate from the shale-oil heavy gas oil is that i t  

contains 50 per cent straight-chain paraffins, 93 per cent of which have chain lengths from 25 to 
29 carbon atoms. The branched paraffins comprise 40 per cent of the saturates and have only 
one branch per molecule. The 10 per cent of the saturates that is cyclic material is predominant- 
ly 1-ring cyclic but shows evidence of compounds with up to six condensed rings. This cyclic 
material is  either multisubstituted or the substitutions a re  branched because the NMR spectra 
indicate that the average cyclic molecule has four methyl groups per molecule. 

Thus, 9 3  per cent of the total normal paraffins in the satur- 

From these data and those in Table II it can be calculated 

CHARACTERIZATION O F  OLEFIN CONCENTRATE 

One portion of the olefin concentrate, prepared a s  described earlier (2), was separated 
into 10 thermal-diffusion fractions and each fraction was examined by IR, NMR, and W spec- 
troscopy. 
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TABLE VI  - Number of  vinyl hydrogens per average olefin molecule i n  the 
thermal-diffusion fractions of  the olefin concentrate 

~ 

Fraction 
Number o f  vinyl hydrogens per average 

olefin molecule 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

2.2 
2.1 
2 .o 
1.9 
1.8 
1.6 
1.3 
1 .o 
0.7 
0.5 

TABLE VII. - Composition o f  the therrnal-diffusion fractions 
from the HOC', volume-percent 

Fraction Total 
1 2  3 4 5 6 7  8 9 1 0 H O C  Alkane type 

n -Para ff i ns 85 82 75 73 71 28 5 -- -- -- 42 
Branched para ff i ns 15 18 25 27 18 25 26 9 -- -- 16 
1 -Ring naphthenes -- -- -- -- 10 34 31 20 7 2 10 
2-Ring condensed naphthenes -- -- -- -- 1 9 21 21 15 10 9 
3-Ring condensed naphthenes -- -- -- -- -- 3 11 23 28 28 9 
4-Ring condensed naphthenes -- -- -- -- -- 1 5 15 23 22 7 
5-Ring conden3d naphthenes -- -- -- -- -- -- i 8 16 20 4 
6-Ring condensed naphthenes -- -- -- -- -- -- -- 2 8 1 1  2 

1 
2 ( 1  

7-Ring condensed naphthenesl' -- -- -- -- -- -- -- 
8-Ring condensed naphthenesl' -- -- -- -- -- -- -- -- -- 2 3 5  

- 1/ By extension o f  Lumpkin's mass spectrometry method. 
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TABLE VIII. - Carbon-number distributioni'of normal alkanes i n  the thermal- 
diffusion fractions of the HOC, volume-percent 

~ ~~ ~ ~~ ~~ ~ 

Carbon Fraction 
No. 1 2 3 4 5 6 7 Average.  

21 1 1 1 1 1 1 1 
22 2 2 2 1  1 2 2  2 
23 3 3 2 2 3 2 4  3 
24 5 5 5 5 6 5 1 1  6 
25 20 20 20 20 16 22 20 20 
26 24 24 25 23 23 23 24 24 
27 22 23 23 23 23 22 25 23 
28 15 15 16 17 18 16 12 15 
29 6 5 5 6 7 7 2  5 
30 2 2 1 2 2 -  1 

- 

- 
Average carbon nu 

I/ Values are i n  volume-percent of the total n-alkane i n  each fraction. 
2/ Shows the carbon-number distribution for the n-alkanes i n  the HOC. r/ Values shown here are for the n-alkanes i n  each fraction. 

for each fraction ger 26.3 26.2 26.3 26.3 26.4 26.3 25.9 26.3 

- 
- 

TABLE IX. - Comparison of the C/H weight ratios of  the thermal-diffusion 
' 

fractions of  the HOC 

Fraction 
C/H weight ratios 

Combustion MS 

1 5.72 5.78 
2 5.70 5.78 
3 5.78 5.78 
4 5.75 5.78 
5 5.75 5.80 
6 6.08 5.92, 
7 6.13 6.07 
8 6.21 6.44 
9 6.36 6.73 

6.84 6.80 
6.03 6.09 l o  1/ 

Average- 

1/ Value on original HOC = 6.00. - 
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Another portion of olefin concentrate was hydrogenated with Raney nickel at one atmos- 
phere of hydrogen and 85°C. This hydrogenated olefin concentrate was separated into 10 thermal- 
diffusion fractions which were examined by MS and NMR spectroscopy. Carbon-type composition 
of each of the thermal-diffusion fractions was determined by a density-refractivity intercept 
method (6), and carbon-hydrogen ratios were determined on each fraction. 

Unhydrogenated Olefin Concentrate 
A portion of the olefin concentrate was charged to the thermal-diffusion column with the 

operating conditions being the same a s  shown for the thermal-diffusion separation of the saturate 
concentrate. Each of the 10 thermal-diffusion fractions was examined by IR and NMR spectro- 
scopy. 

IR Examination 
The IR method of Saier (7) was used to estimate the types of olefinic linkages in each of 

the thermal-diffusion fractions. The method was developed by Saier for use in  the naphtha boil- 
ing range so  that the present extrapolation to the gas-oil range contains the assumption that the 
molar absorptivities of the several types of double bonds a re  constant. This method does not 
yield information on the concentrations of tetrasubstituted or cyclic olefins; hence, the informa- 
tion presented in Table IV characterizes only the chain portion of the concentrate. About half 
of this chain unsaturation occurs a s  trans internal olefin; a fourth as terminal, or alpha olefin 
without beta substitution; a sixth a s  the trisubstituted internal olefin; a tenth occurs a s  the cis 
internal olefin; and a very small amount occurs a s  the terminal olefin with beta substitution. 
These data show that only 50 per cent of the molecules in the olefin concentrate have unsaturation 
i n  the chain portion of the molecule. 

NMR Examination 
The NMR spectra of the 10 thermal-diffusion fractions were used to determine amounts 

of the different kinds of hydrogen. Using carbon tetrachloride a s  solvent and tetramethylsilane 
as an internal standard, the following bands were used to estimate the types of hydrogen: 
Methyl hydrogen from 0.70 to 1.17 ppm; methylene and methine hydrogen from 1.17 to 3. 00 ppm; 
and vinyl hydrogen from 5.00 to 6.30 ppm. 
percentages of vinyl hydrogen were used with the data on average carbon and hydrogen numbers 
t o  calculate the average number of vinyl hydrogens per molecule. (The data on the average carbon 
and hydrogen numbers will be developed in the section on HOC. ) Table VI lists the average num- 
ber  of vinyl hydrogens per molecule in  each thermal-diffusion fraction. The data in Tables IV  
and VI show that doubly bonded carbons in the molecules in the bottom thermal-diffusion fractions 
a r e  more highly substituted than they a re  in the top fractions. 

UV Examination 

that there was not present a significant quantity of aromatics. An attempt was made to calculate 
the concentration of conjugated diolefins and cyclic diolefins by a matrix method using molar 
extinction coefficients for available compounds. These reference compounds had molecular 
weights much lower than the compounds in the heavy-gas-oil olefin concentrate; thus, the results 
a r e  only approximate. The calculations showed a constant level of about 1 volume- per cent con- 
jugated diolefins in each of the top seven thermal-diffusion fractions. They showed no conjugated 
cyclic diolefins in the top four fractions, 2 per cent in fraction 5 ,  4 per cent in fraction 6, and 
6 per cent in fraction 7. Fractions 8 to 10 had W spectra too complicated to interpret with the 
matrix used. 

Hydroaenated Olefin. Concentrate 

g r a m s  of activated, Raney-nickel catalyst were added to  the mixture. The Raney-nickel catalyst 
was prepared according to the "C" method of Hurd (8). This mixture was heated to reflux temper- 
ature and hydrogen gas was bubbled through the refluxing solution for 8 hours. Ninety-nine grams 
of the hydrogenated olefin concentrate (HOC) were recovered from the hydrogenation reaction. 

A sample of the HOC was charged to a thermal-diffusion column with the operating condi- 
tions the same as  given for the thermal-diffusion separation of the saturate concentrate. MS and 
NMR spectroscopy were used to characterize the fractions from the thermal-diffusion column. 
This characterization was made with respect to the relative amounts of normal paraffins, 
branched paraffins, and naphthenic compounds in each fraction. These data were compared to 
the data obtained by the density-refractivity intercept method of Kurtz (6) and to carbon-hydrogen 
ratios obtained analytically. 

Table V gives the results of these integrations. The 

The UV spectra of the 10 thermal-diffusion fractions from the olefin concentrate showed 

A 100-gram sample of the olefin concentrate was dissolved in 400 ml  of isooctane and 85 
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TABLE X. - Thermal-diffusion separation of the HOC 

Density Refractive. index, 
Fraction 20 "C 20 "C 

4 o c  nD 

0.8230 1.4551 1 
2 0 -8095 1.4494 
3 0.7995 1.4507 
4 0 7982 1.4496 
5 0 -8088 1.4539 
6 0.8173 1.4567 
7 0 -8363 1.4648 
8 0 -8674 1.4767 
9 0.9171 1.4976 

0 9570 1.5124 
0.8439 1.4667 1/ 

10 
Average- 

The original HOC had a density of  0.8442 and a refractive index of 1.4677. - 1/ 

TABLE XI e - Comparison of  carbon-type composition of thermal-diffusion fractions 
from the HOC as determined by Kurtz' method and by MS analysis 

Carbon-t m e  comDosi t ion 

Kurtz' method.!/ MS analysis?/ 
Paraffin atoms, Naphthene atoms, Paraffin atoms, Naphthene atoms, 

Fraction 

percent percent percent percent 

1 85 15 100 0 
2 1 00 0 100 0 
3 100 0 100 0 
4 100 0 100 0 
5 97 3 97 , 3 
6 91 9 88 12 
7 79 21 77 23 
8 62 38 57 43 
9 ' 40 60 39 61 

10 21 79 32 68 

1/ See reference (6). 
2/ Estimated from %S pattern. 
- 
- 
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MS Characterization 
The high-ionizing-voltage mass spectral data were treated by Lumpkin's method (4) to 

determine the amounts of paraffins, noncondensed naphthenes, and condensed naphthenes with 
UP to Six condensed naphthene rings per molecule. This method worked well for thermal- 
diffusion fractions 1 through 7; however, it was evident from MS patterns that the bottom three 
fractions contained compounds with more than six condensed naphthene rings. 
Lumpkin was extrapolated by smooth lines to cover seven, eight, and nine condensed naphthene 
rings. The normal paraffin-branched paraffin split was made a s  described previously. Table 
VI1 shows the results of these calculations for the thermal-diffusion fractions and also shows the 
summary for the total HOC. 

ing the carbon-number distribution for the normal paraffins in those fractions which have normal 
paraffins, and Table VIlI shows these results. 

The data in Tables vu and v u  were used to calculate carbon-hydrogen ratios fo r  each 
of the thermal-diffusion fractions. The average ring-number content of each thermal-diffusion 
fraction was calculated using the data in Table W. This average ring number was used to  cal- 
culate the average 2 number in the general hydrocarbon formula. The average carbon number 
listed in Table VIII and the average Z number are  used to calculate the empirical formula and 
C/H value for each fraction. For thermal-diffusion fractions 8, 9, and 10 the average carbon 
number used was 26. The calculated C/H data a re  compared to combustion C/H data in Table 
IX. The agreement in the C/H values for each fraction is evidence that the data presented in 
Table W with respect to the condensed structures are reasonable. 

Physical Property Characterization of HOC 
Kurtz (6) and coworkers have developed a method of correlating density and refractivity 

intercept with carbon-type composition. (Refractivity intercept is defined a s  the refractive in- 
dex minus one-half of the density. ) This correlation can be used for all types of viscous hydro- 
carbon oils and its application to the analysis of the thermal-diffusion fractions of the HOC 
provides a check on the MS method of hydrocarbon-type analysis. 
the check provided by comparing C/H values a s  obtained by the MS method with C/H values 
determined by combustion. 

fractions. These values and the values for the average carbon number from Table VIII were used 
to obtain the carbon-type composition for each fraction shown under "Kurtz' Method" in Table XI. 
The composition values shown under MS analysis in Table XI were calculated from the data shown 
for each thermal-diffusion fraction in Table W. In this calculation the condensed naphthene 
rings were assumed to be catacondensed and consist alternatively of five and six-membered rings. 
In general the MS results and the results using Kurtz' method agree. 
tion that the condensed naphthenic structures in the HOC are of the catacondensed type. 

NMR Characterization 
The NMR spectra of the 10 HOC thermal-diffusion fractions were used to show the rela- 

tive amounts of the different kinds of hydrogens in each fraction. Using carbon tetrachloride as 
solvent and tetramethylsilane a s  an internal standard, the amount of methyl hydrogen in each 
fraction was obtained by integrating the 0.70- to 1.05-ppm band and the combined methylene and 
methine hydrogens by integrating the 1.05- to 2.00-ppm band. Table XII lists the percentage of 
hydrogen represented by the areas under each of these two bands and the average number of 
methyl groups per nonlinear molecule in each of the fractions. This average was calculated 

The method of 

AS described in the saturate section, the MS data a k o  provided an opportunity for estimat- 

This check is in addition to 

Table X lists the density and refractive-index values for each of the 10 thermal-diffusion 

This supports the assump- 

using: 
1. The per cent methyl hydrogen, 
2. the composition data shown in Table VI, and 
3. the average carbon number as ahown in Table VIII. 
It may be only a fortuitous combination of data that shows the number of methyl groups 

to be three in the nonlinear part of thermal-diffusion fraction 1 (Table XU). Because there are 
no cyclic molecules in this fraction, these methyl groups are  on branched paraffins and three is 
the minimum number of methyl groups possible per nonlinear, noncyclic molecule. 

nonlinear, noncyclic molecule; fraction 2 has an average of two branches; and fractions 3 and 4 
both have 2.5. The data indicate neither the average length of the branch nor the point of branch 
attachment. In general, the lower the fraction in the column the greater is the average number 
of methyl groups per nonlinear molecule. 

If we assume that the noncyclic branched-paraffin molecules in fraction 5 have the same 

The data presented in Table XI1 show that fraction 1 has an average of one branch per  
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average number of methyl groups a s  were calculated for fraction 4 (4.5 groups per molecule), 
the calculated, average number of methyl groups per cyclic molecule is six. There is no way 
of determining the most likely configuration in which these six methyl groups a re  attached to 
the single, cycloparaffin ring; but if there a re  six methyls per average cyclic molecule, the 
average chain length for the alkyl substituent is three carbon atoms. 

A similar calculation was made for thermal-diffusion fraction 10. This fraction had an 
average of-eight methyl groups per molecule and an average of four condensed'naphthene rings. 
If the ring system is catacondensed and the four rings are  all six membered, there a r e  no car- 
bons left for chain construction. Although a single compound cannot be used to describe all of 
the molecules in this fraction, the following type structure is consistent with the NMR, the MS, 
the C/H-ratio, and the carbon-type data: 

Whatever the case for ring structure, there must be several alkyl attachments in order to ex- 
plain the large proportions of methyl hydrogens. 

fraction 10 was chosen because i t  can be thought of a s  a possible thermal modification of a 
triterpane which has been identified in Green River kerogen (9). In general, these types of 
structures suggest that their precursors in the complex kerogcn macrostructure may have been 
derived from materials related to steroids, triterpanes, o r  similarly condensed ring materials. 

Discussion of the Olefin Concentrate 

the olefin is straight chain; one-sixth branched olefin; one-tenth each of one-ring, two-ring 
condensed, and three-ring condensed olefins; and one-sixth of combined four-ring to eight-ring 
condensed olefins. Ninety per cent of the straight-chain olefins have chain lengths from 24 to 
2 9  carbon atoms, and i t  i s  estimated from infrared spectra that about one-third of these normal 
olefins are  alpha olefins, about one-half a r e  trans internal olefins, and one-sixth a re  cis internal 
olefins. 

olefins in the top thermal-diffusion fraction (HOC fraction 1) have an average of only one branch 
per molecule, and the branched olefins in fractions 3 and 4 average 2 . 5  branches per molecule. 
The data for the branched olefins a re  not sufficiently detailed to allow positioning of the olefin 
bond with respect to the branching. 

The cyclic compounds in the olefin concentrate appear to be highly substituted o r  highly 
branched. For example, the one-ring compounds that a r e  in HOC thermal-diffusion fraction 5 
have six methyl groups per average molecule. The average configuration of the molecule that 
fits the data for fraction 10 of the HOC indicates that the condensed cyclic olefins are  catacon- 
densed with an average of eight methyl groups per molecule. 

The vinyl-hydrogen content of the thermal-diffusion fractions of the original concentrate 
i s  additional evidence for either cyclization or multisubstitution in the bottom-fraction material. 
The presence of terminal olefins in the top fraction provides a reasonable explanation of the 2 . 3  
vinyl hydrogens per molecule because each internal normal olefin has two or  less vinyl hydro- 
gens and each terminal olefin has three. There is an average of only one-half of a vinyl hydro- 
gen per molecule in fraction 10 which indicates multisubstitution on the olefinic carbons. 

The data on neither the original olefin nor the hydrogenated olefin are  sufficient to allow 
positioning of the double bond in the majority of the olefin-concentrate molecules, especially 
those molecules which a re  cyclic. 

The particular type structure presented for the average condensed ring compounds in 

The data for the olefin concentrate from shale-oil heavy gas oil show that two-fifths of 

The branched noncyclic olefins a r e  not highly branched. For instance, those branched 
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CONCLUSIONS 

Spectral and chemical examinations of a saturate concentrate and an olefinic concentrate 
from-a shale-oil heavy gas oil have shown 50 per cent of the saturates and 40 per cent of the 
olefins a re  straight chain. The branched paraffins a r e  considerably less branched than are the 
branched olefins. The branched paraffins are 40 per cent of the saturates and the branched 
olefins a re  15 per cent of the olefins. 

The cyclic paraffins and cyclic olefins both show considerable range of ring condensation 
with up to six condensed saturate rings and evidence of nine condensed rings in the olefins. The 
cyclic naphthenes a r e  10 per cent of saturates and the cyclic olefins a re  45 per cent of the 
olefins. The degree of substitution on the cyclics in both concentrates is large. 
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INTRODUCTION 

Bartlesville Petroleum Research Center, Bureau of Mines, 

Research to determine the characteristics of the bonding energy between kerogen and the 
mineral Constituents of oil shale i s  being conducted at  the Bartlesville Petroleum Research Center 
A major problem encountered in this research is the separation of unaltered kerogen from the 
mineral Constituents. The major mineral constituents in the oil shale are  dolomite, calcite, 
quartz, and feldspars. Minor amounts of illite, pyrite. and analcite are  usually present (5). 
term kerogen as used in this paper means all of the organic material. 

The ideal method for separating kerogen from the mineral matter in oil shale should ful- 
fill several requirements. First, the kerogen should not be altered chemically during the pro- 
cess. Second, the method should yield enough material for elemental analysis and degradation 
studies. Finally, the kerogen concentrate should be fully representative of the organic material 
in the oil shale. 

mineral matter (1). Physical methods include gravity techniques and methods based on wettabil- 
ity differences. 
chloric and/or hydrofluoric. 

in oil shale. Carbonic acid is a weak acid formed when carbon dioxide dissolves in water. Car- 
bonic acid was selected because it should be too weak to alter the kerogen, yet does dissolve 
carbonates such as calcite and dolomite. It ionizes mainly into H+ and HCOg and dissolves car- 
bonates by converting them to the soluble bicarbonates. 

APPARATUS 

The 

Both physical and chemical methods have been used for concentrating kerogen from the 

Chemical methods include digestion in various acids such as acetic (2), hydro- 

This paper describes a method using carbonic acid to concentrate the organic material 

The apparatus used in this study is shown in Figure 1. The stainless steel cylinder is 
prepared from 4-inch tubing. The glass liner is a 1-liter beaker with the lip sawed off. The 
tubing for water and carbon dioxide is 1/8-inch plastic and enters the system through fittings 
that are drilled out so the tubing goes all the way through. A piece of fine (Whatman #42) filter 
paper is attached to the face of the fritted glass filter. This is removed after each run and a new 
piece applied. The only metal that the solution contacts is the stainless steel valves. 

EXPERIMENTAL PROCEDURE 

Two samples of oil shale from the Rifle, Colorado, area were selected for use in this 
study. The Fischer Assay Analysis of these samples by the Laramie Petroleum Research 
Center is shown in the following table. 

TABLE 1.--Fischer Assay Analysis of Colorado O i l  Shale Samples 

Weight-percent 
Spent Gas Gallons per ton 

SampIe Number Oil Water Shale Loss Oil Water 

1 6.8 1.3 90.0 2.0 18.0 3.0 

2 15.25 .6 19.5 3.1 40.8 7.7 
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Sample Number 1 is a lean, light yellowish brown oil shale. Sample Number 2 is a rich, dark 
brown oil shale. About 200 grams of each oil shale was crushed in a jaw crusher and ground 
with mortar and pestle till all the sample passed through a 200-mesh screen. The samples were 
vacuum dried (80°C) for  3 days to remove all the free water and stored in air-tight containers. 

Distilled water waa added and the sample stirred in contact with air until water wet. The glass 
liner was placed in the stainless steel cylinder and assembly of the apparatus was completed. 
Carbon dioxide pressure was applied discharging the solution from the system through the filter. 
The system was flushed with carbon dioxide before more distilled water was pumped in under 
pressure. A batch technique was used so the system was stirred under pressure from 2 hours to 
overnight before solution was discharged through the filter. Calcium and magnesium were de- 
termined in the effluent water by titrating with EDTA (ethylenediaminetetraacetic acid). When 
no further calcium or magnesium were detected in the effluent, extraction was complete. Wet 
chemical analysis using hydrochloric acid was carried out on the oil shale after treatment by 
carbonic acid. The analysis confirmed that some iron and aluminum and all the calcium and 
magnesium had been removed. 

treatment. A batch technique was used with overnight standing at low heat (70°C). 

Mineral carbon (carbonates) was determined by treating the sample with acid to evolve carbon 
dioxide. Organic carbon was determined by difference. 

Samples of oil shale were weighted into the glass liner of the apparatus in Figure 1. 

Both oil shales were treated with hydrochloric acid for comparison with the carbonic acid 

The total carbon and hydrogen in all samples was determined by combustion analysis. 

RESULTS AND DISCUSSION 

The effect of carbon dioxide pressure on the removal of soluble minerals in oil shale was 
determined first. Samples of both shales were suspended in 800 milliliters of distilled water, 
placed under carbon dioxide pressure, and stirred for 8 hours. Each sample weighed 2 grams. 
An aliquot of 300 milliliters was discharged through the filter under pressure. This was evapor- 
ated to dryness at low heat (95OC) and weighed to determine total solids. This data waa used to 
calculate weight loss. This procedure was repeated for various pressures from 50 to 300 psig. 
The weight loss increased with increasing pressure up to 200 psig where it leveled off a s  shown 
in Figure 2. The pH of water saturated with C02 levels off at 3 . 3  in this region (3). Optimum 
pressure is ,  therefore, 200 psig, and this pressure was used for successive experiments. 

A slight discrepancy is observed in the results in that the higher weight loss occurred in 
the oil shale with the lower carbonate content. Obviously, other minerals are  being dissolved 
that a r e  more soluble than the carbonates, under these conditions. Chemical analysis revealed 
the presence of gypsum (CaS04) which is more soluble under these conditions (4). 

The effect of particle size on the removal of soluble minerals in oil shale was determined 
next. A sample of each oil shale was crushed and sieved. The weight loss in carbonic acid 
was determined for each particle size. For the rich shale weight loss increased with decreasing 
particle size from 1.25 mm (10 mesh) to 0.10 mm (150 mesh) where it leveled off as  shown in 
Figure 3. Optimum particle size is therefore 150 mesh or finer. Samples used in all other ex- 
periments were finer than 200 mesh. For the lean oil shale. particle size did not affect weight 
loss over the indicated range. The effect of particle size on the rich shale is probably caused 
by the occlusion of carbonates by kerogen. The lean shale is low in kerogen, and therefore very 
little occlusion can occur. 

moved with hydrochloric acid. The results of both treatments a re  shown in Table 2. 

' 

At optimum conditions, carbonic acid removed about SO% as much material as was re- 

TABLE Z.--Weinht Loss of Shales Under Optimum Conditions 

Sample 

Rich oil ehale 

Lean o i l  shale 57.6 53.4 

These data show that a substantial portion of the mineral matter was removed from oil shales 
by the carbonic acid. Analysis of the samples treated with carbonic acid revealed that all the 
calcium and magnesium had been removed. It was noted also that no carbon dioxide evolved 
when the sample was subsequently treated with hydrochloric acid. Therefore, carbonic acid 
is  as effective a s  hydrochloric acid in removing calcite, dolomite. and other carbonates and 
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other Calcium and magnesium minerals. 
hydrochloric acid was caused by the dissolving of more aluminum and iron compounds. 

analysis, are shown in Table 3. 

Chemical analysis revealed that excess weight loss in 

The organic carbon and hydrogen contents of all samples, determined by combustion 

TABLE 3.--Combustion Analysis of Treated O i l  Shales 

Organic Hydrogen, 
Sample Description Carbon, Percent Percent CIH 
Lean O i l  Shale 6.40 1.10 5.91 

Treated with H C 1  14.44 (6.12)d 2.44 (1.04) 5.92 

Treated with H2CO3 13.44 (6.26) 2.26 (1.05) 5.94 

Rich O i l  Shale 17.8 2.47 7.21 

Treated with HC1 27.4 (17.5) 3.82 (2.44) 7.17 

Treated with H2CO3 25.6 (17.4) 3.57 (2.42) 7.22 

- a /  Numbers in  parentheses a re  based on the or ig ina l  o i l  shale. 

The organic carbon content of the original oil shales is subject to an error  of 0.4% 
carbon, while the treated samples are  accurate to within 0.1% carbon. The organic carbon 
content of the original oil shale is subject to a larger error  because it is determined by differ- 
ence. The inorganic carbon content is  high (24% COS for lean shale and 11% COS for rich shale) 
compared to the organic carbon content in the original samples. The inorganic carbon content 
is also subject to a larger experimental error .  The results show that within experimental 
error  organic carbon content and the carbon-to-hydrogen ratio a re  not affected by treatment 
with either acid. Both of these facts indicate that the kerogen is unaltered by treatment with 
either acid: However, the color of the sample of oil shale treated with hydrochloric acid was 
darker than the sample treated with carbonic acid, which indicates 'that hydrochloric acid may 
have reacted with the kerogen. 

Treatment with carbonic acid is a very good first step in separating the organic mater- 
ial from the mineral matrix of oil shale. Further concentration can be obtained by physical 
means. Centrifuging the sample treated with carbonic acid in a saturated aqueous solution 
of calcium chloride yields a concentrate containing 85% to 90% of the organic material with an 
ash content of less than 30%. Centrifuging the original sample yielded only 15% of the kerogen 
and an ash content of 50%. 

CONCLUSIONS 

Al l  the mineral carbonates such as calcite and dolomite can be removed from an oil 
shale by treatment with carbonic acid. Optimum conditions for removal are a carbon dioxide 
pressure of 200 psig and oil shale particles smaller than 0.10 mm (150 mesh). The organic 
carbon content of the oil shale is not affected by carbonic acid. The lack of color change in 
the product also indicates the organic material is unaltered by carbonic acid. Analyses can 
be performed on this concentrate without interference from inorganic carbon. 
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INTRODUCTION 

In recent years  an increasing nnmber of isoprenoid related hydrocarbons have been iso- 
lated from crude oils and oil-shale bitumens. The f i rs t  identification of 2,6,10,14-tetramethyl- 
hexadecane (1) was closely followed by the characterization of the c14, C15, C16, Cis, Cig, C20 
and CZ1 isoprenoid hydrocarbons in an East Texas crude oil (2 ,3) .  Recently the C17 isoprenoid 
2,6,1O-trimethyltetradecane, which completes the homologues ser ies  from C14 to C21, has been 
reported (4). A feature common to this series is the 2,6,10-trimethylundecane structure which 
would suggest a stepwise cleavage by the loss of a methyl group from the next highest member. 
To date, no compounds have been reported in petroleum which typify a dual terminal cleavage 
a s  would be indicated by the compound 6,10,14-trimethylhexadecane; this, however, may be a 
reflection of the difficulties inherent in isolating individual components from such complex mix- 
tures. The identification of isoprenoid hydrocarbons in crude petroleum has aroused consider- 
able interest about their origin and possible geochemical significance. Undoubtedly, the sym- 
metry and the unequivocal relationship of these materials to natural biosynthetic processes pro- 
vide substantial evidence in favor of the biogenic origin of petroleum. Similarly, while it is 
generally accepted that the most likely precursor of pristane and phytane is the phytol component 
of chlorophyll, more recently squalane has been suggested as  an attractive alternative. There 
still  remains, however, much speculation about the mechanisms whereby isoprenoid hydrocar- 
bons can be formed from these sources under geologic conditions. Most of the proposed reaction1 
sequences require an early liberation of phytol from the chlorophyll molecule by mile acid, 
alkaline or enzymatic hydrolysis. According to Bendoraitis, pristane and phytane a r e  formed 
from phytol in an appropriate sequence of reactions entailing reduction, oxidation, dehydration, 
and decarboxylation. Bogomolov (5),  has pointed out the unfavorable decarboxylation step in 
this sequence and has proposed an alternative mechanism in which phytol is oxidized to a p- 
hydroxy acid which is more readily decarboxylated than i s  the phytanic acid. Another mechanism, 
proposed by Curphey (6 )  postulates phytol a s  the source of a number of petroleum hydrocarbons 
generated by reactions involving epoxidation and thermal cracking. Notably, none of these pro- 
cesses  explain the formation of lower isoprenoid compounds found in petroleum. Furthermore, 
i t  seems ambiguous that f ree  phytol has not been reported as a predominant component of recent 
sediments although Blumer (7) has suggested this absence a s  being due to the conversion of phytol 
to phytadiene products on catalytic dehydration of the alcohol by adsorption on clay mineral sur- 
faces. On the other hand, i t  has been suggested (8) that the absence of pristane and phytane in 
organic rich deposits from Mud Lake, Florida, postulated as a Post Pleistocene-Recent analog 
of the Green River oil shale, indicates the phytyl grouping is still bound as an integral par t  of 
the chlorophyll molecule. 

In view of the lack of knowledge about the preservation of organic matter in sediments, 
the undisputable evidence that hydrocarbons have been formed at  relatively late periods in the 
geologic age of the sediment and the generally accepted concepts of geothermal maturation of 
organic matter, a further postulate would be that the bulk of the isoprenoid hydrocarbons found 
in crude petroleums and oil shale bitumens a r e  formed by the geothermal cleavage of the phytol 
components of chlorophylls preserved in situ in the organic kerogen of the sediment. This study 
was  an attempt t3  establish whether or  not isoprenoid hydrocarbons, notably pristane and phytane, 
could be generated by the thermal degradation of chlorophyll. 
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EXPERIMENTAL 

Extraction and Separation of Chlorophylls 

methanol. The crude product was extracted into :-hexane and the chlorophyll isolated by partition 
chromatography on alumina. W spectra of the product, Figure 1, was in agreement with pub- 
lished data (9) with a calculated Ca:Cb 1.7. Alfalfa chlorophyll was extracted from a commer- 
cially available product (Matheson, Coleman and Bell; Ca:Cb 2.5 5 1) and was purified in an 
identical manner as  for the  algal chlorophyll. Both products were used in this study without 
further purification. 

Hydrogenolysis 

kerogens (10) and of solubilizing coals into crude liquid products (11). Consequently, this method 
was applied in  degrading the materials reported on in this paper. 

drive Autoclave at  800°F for fifteen minutes in a hydrogen atmosphere. The solvent was removed 
from the reaction mixture by low temperature vacuum distillation. Because of solvent break- 
down at the conditions of hydrogenolysis, no attempt was made to analyze products with a molecu- 
lar  composition less than Clo. For  the oil shale study, shale from the Mahogany Ledge Zone, 
Green River Formation, was micronized and solvent extracted with a mixture of methanol, acetone 
and benzene in an ultrasonic tank (12). The shale had an original organic content of 14.7% of 
which 1.6% comprised solvent extractable bitumens. The extracted shale was hydrogenolyzed in 
a manner identical to that outlined for the chlorophylls. 

Fresh-water green algae, collected during May, was homogenized and extracted with 

Hydrogenolysis h a s  been used extensively a s  a means of thermally degrading oil-shale 

The isolated chlorophylls dissolved in tetralin were hydrogenolyzed in a 1 Liter Magna- 

Chromatography 
The crude hydrogenolysis extracts were deasphaltened by e-pentane precipitation and the 

products separated into saturate, aromatic, and NSO fractions by partition chromatography on 
activated alumina (Alcoa F-20 Chromatographic grade alumina, 100-200 mesh; activated a t  40°C 
for six hours). The saturate fraction was rechromatographed on activated silica gel (Davidson 
Chemicals, grade 923, 100-200 mesh; 40°C for one hour). 

Instruments 

Apiezon on 100-120inesh Aeropak 30 column. The unit was temperature programmed to increase 
from 165" to 290°C at  a ra te  of 4" per  minute. 

Mass spectrometric analyses were carried out on a Consolidated Electrodynamic Corpor- 
ation Model 21-103C Mass Spectrometer fitted with a Mascot digitizer printout. 

Ultraviolet spectra  were recorded on a Beckmann Model DK-1 Recording Spectrophotometer. 
Hydrogenolyses were run in  a Standard 1-Liter Magnadrive Autoclave (Autoclave Engineers 

The gas chromatograph used was an Aerograph Model 200 with a 20' l/l6" 0. d. ,  3% 

Incorporated) fitted with a Honeywell Pyro-Vane temperature control unit. 

Reference Compounds 
Reference isoprenoid hydrocarbons were isolated by the preparative gas chromatographic 

separation of a 300°C crude oil distillation cut. Each isoprenoid hydrocarbon was characterized 
by mas8 spectrometry with the spectra being in close agreement with published data (3). 

RESULTS DISCUSSION 

The complete thermal  degradation of an alfalfa and of an algal chlorophyll extract was 
accomplished by high pressure,  high temperature solvent hydrogenolysis. Under similar con- 
ditioiia greater thm 90% of the organic kerogen of a G r a m  R i v e r  Oil Shale was sulubiiieed. Tile 
hydrogenolysis products were isolated as dark brown--black tars which could be  separated by 
absorption chromatography into asphaltene, saturate, aromatic and NSO fractions. The per- 
centage compound-type composition of the reaction products is shown in Table I. The excellent 
reproducibility of the process is shown by the values quoted for three separate oil-shale hydro- 
genolyses. For the purpose of this study only the saturate fractions obtained from silica gel 
chromatography were analyzed. To achieve brevity in this report, the hydrogenolysis saturate 
products from the alfalfa chlorophyll, the algal chlorophyll, the oil shale kerogen 1, and the oil 
shale solvent extractable bitumen will be referred to as the alfalfa, algal, oil shale and bitumen 
saturates. Analysis of the  saturate products was carr ied out by gas chromatography and high 
voltage mass spectrometry. Comparison of the gas chromatograms illustrated in Figures 2 ,3 ,4  
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FIGURE 1 

ULTRAVIOLET SPECTRA OF CHLOROPHYLL EXTRACTS 

* I  

ALFALFA CHLOROPHYLL 

WAVELENGTH (mp 1 



and 5, shows varying degrees of complexity, with the differences being mainly in relative peak 
intensities rather than in compound types. The bitumen saturates contained pristane and phytane 
(1:s) a s  the major isoprenoid hydrocarbons along with another notable response at  a retention time 
coincident with that for the normal C17 hydrocarbon. Analysis of the oil shale saturates showed 
several ,differences, particularly the predominant amount of pristane formed from the kerogen by 
this Process. The overall complexity of the oil shale saturate products was a s  expected and in 
fact suitable attenuation of the detector response for the bitumen analysis gave a chromatogram 
similar for the two fractions. In a comparable analysis of the alfalfa saturates, the most notable 
features were that the complexity of the compound types increased and that there was about three 
times as  much pristane as  phytane. An appreciable quantity of the C15 isoprenoid was also 
present although the C18 and the C16 isoprenoid hydrocarbons were only present in trace amounts. 
In contrast, analysis of the algal saturates showed there was about three times as much phytane 
a s  pristane. Lower isoprenoid hydrocarbons were undetectable in this extract. A compound at  
RT 9 minutes was present in both chlorophyll saturates but this has not yet been identified. 

These saturate fractions were further characterized by mass spectrometry. Partial 
mass spectra data for each of the samples is represented in a plot of the relative peak intensity 
(m/e 71 = 100) for the CnHZn-1, CnHZn, CnHZn+l, and the CnH2n+2 series of molecular and frag- 
ment ions. The values a r e  reported by the diagrammatic presentation for the ser ies ,  n = 10 
through 20, in Figures 6, 7 ,  ?, 9, 10, 11, 12 and 13. 

the large m/e 183, m/e 253 and m/e 267 responses in the CnHZn+l ser ies .  Presence of the 
normal C17 hydrocarbon is also confirmed by the intensity of the m/e 240 molecular ion in the 
CnH2n+2 series. Comparison of this spectra with the partial mass spectra of the oil shale 
saturates shows a close agreement between the two sets of data. The high concentration of iso- 
prenoid compounds is again reflected in the m/e 183 fragment ion, but in this instance the com- 
parative unimportance of the normal C17 hydrocarbon is shown by the absence of peaking in.the 
CnHzn+2 series. Notably, the CnHzn and the CnHZn-l species a r e  identical with a predominant 
fragmentation being recorded at  m/e 181 and 195. 

fragment ions at m/e 183 and m/e 239; whereas the CnHZn+2 ser ies  is characterized by the 
molecular ion peaks for values of n = 13, n = 15, and n = 17. It is of note that the relative intensi- 
ties for these ions is greater than that expected for the parent ions of isoprenoid hydrocarbons, 
being intermediate between that for the parent ion of a branched hydrocarbon and that for the 
- n-paraffin of similar molecular weight. 
of hydrocarbon products from the thermal degradation of the chlorophylls i s  illustrated in the 
partial mass spectra of the relative intensities of the CnHZn-1 and the CnHZn ser ies .  In the 
CnHZn series for the alfalfa saturates, a large relative response is  shown for the molecular ion 
m/e 238 which would be consistent with that expected for a C17 mono-oiefin. Other olefinic 
molecular ions were also indicated by peaking at n = 13 and n = 15 although these responses were 
much less  intense. In contrast, the partial mass spectra of the algal saturates showed a pre- 
dominant response for an olefinic molecular ion, m/e 210, which would indicate a c15 mono- 
olefinic hydrocarbon. Again, other olefinic species were indicated n = 13, n - 17 and n = 19. 

Such differences in the isoprenoid hydrocarbons formed by the thermal degradation of the 
chlorophylls suggest a fundamental difference in the molecular structure of the phytyl component. 
The location of the olefinic bond and the possible stereochemical characteristics of the molecule 
a r e  two possibilities. These features would undoubtedly influence the point at which preferential 
cleavage of the hydrocarbon chain could occur. Several schemes a r e  outlined (Figure 14) to 
explain the predominant amounts of pristane and of phytane in the hydrogenolysis products. 

In scheme I ,  the preferred cleavage is postulated to occur between the C1g-Czo bond in 
a non-olefinic saturate hydrocarbon chain. This is applicable to the oil-shale kerogen products 
since the absence of olefinic compounds, shown by the relative low response in the CnHZn ser ies ,  
indicates the phytyl isoprenoid precursor in the kerogen may have been hydrogenated under 
geologic conditions. Subsequent cleavage during hydrogenolysis gives pristane a s  the major 
hydrocarbon product. 

illustrated in scheme II would be necessary. 
abundance of phytane in these products, whereas scheme I1 (b) would account for the predominance 
of pristane. The cleavage at the points indicated is based on the preferred electron impact 
fragmentation of myrecene (13). 
participating in the early diagenesis of organic matter in sediments. 

and the algal chlorophylls is that hydrogenation of the olefinic bond may occur before cleavage. 

In the case of the bitumen saturates the predominant isoprenoid character is shown by 

Similar evaluation of the partial mass  spectra for the algal and alfalfa saturates shows 

The most outstanding difference shown in  the formation 

To explain the results for the bitumen and the chlorophyll saturates, a process such a s  
Scheme II (a) would explain the relatively greater 

Such mechanisms may reflect possible isomerization processes 

One other explanation for the preferred formation of pristane and phytane from the alfalfa 
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The C i s a d  -isomers shown in scheme III could account for such a difference since the 
relative rates of hydrogenation of these isomers under the hydrogenolysis conditions will be 
dependent upon the stereochemical hindrance from the rest  of the molecule. Subsequent thermal 
Cleavage would take place by scheme I .  This would suggest that the olefinic bond in alfalfa 
chlorophyll is more susceptible to hydrogenation. 

Clearly, the complex nature of the reaction sequences shown for the thermal degradation 
of these relatively simple molecules emphasizes the general lack of knowledge about the geo- 
chemical processes resulting in the formation of petroleum. It  is hoped that continued research 
will result in a better understanding of some of these mechanisms. 
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ANALYSIS OF THE MINERAL ENTRAPPED FATTY ACIDS ISOLATED 
FROM THE GREEN RIVER SHALE (EOCENE) 

BY 

A. L. Burlingame and B. R. Simoneit 
Department of Chemistry and Space Sciences Laboratory 

University of California, Berkeley, California 94720 

INTRODUCTION 

The Green River Shale, of Eocene age, has been the object of extensive organic geo- 
chemical studies. Most of the investigations have been concerned with the extractables and 
have resulted in the characterization of various classes of compounds. The hydrocarbon frac- 
tion, which has been most thoroughly investigated, includes normals, isoprenoids, &@-and 

alkanes, steranes and triterpanes, and aromatics (1-5). Various reports have dealt 
with the organic acid fraction. The presence of a homologous se r i e s  of normal fatty acids (6,7), 

and anteiso acids (e), isoprenoid acids ranging from Cg to C21, with the exception of C18 
(9-12), dicarboxylic acids ranging from C12 to C18 (12), C11 and C14 methylketoacids (13), and 
several s e r i e s  of aromatic acids (14) have been established. 

of the exhaustively extracted shale. The families of compounds found were escentially the same 
as those reported present in the solvent soluble fraction of the shale. 

W e  wish to report  on the analysis of the organic acids liberated after demineralization 

EXPERIMENTAL 

A sample of Green River Shale from Parachute Creek, 8 miles NW of Grand Valley, 
Colorado (long. W 108T'; lat. N 39"37'; el. 7300') was pulverized to pass 200 mesh. The pow- 
dered rock was exhaustively extracted using ultrasonication, as well a s  Soxhlet extraction with 
3:l benzene/methanol. This was followed by two room temperature digestions (2 days each) 
with 11 concentrated hydrofluoric acid/hydrochloric acid. To remove sulfides and free sulfur, 
the residue was further treated with zinc dust and 6M hydrochloric acid (Forsman and Hunt). 
By repetitive ultrasonic extractions with 4:l benzene/methanol 0.17% (by weight of original rock) 
of solubilized organics were isolated and subsequently separated into 0.04%!neutrals and 0.13% 
acids (the kerogen residue amounted to 48%). 
passed over silica gel and clathrated with urea yielding 1:3 normals/branched-cyclics (see flow- 
sheet Fig. 1). The total, normal and branched-cyclic fractions were chromatographed on a 
5' x 1/8" column, packed with 3% SE-30 on chromosorb and programmed from 100-270T at  
lO"/min. with a flow rate  of 50 ml/min. The GLC components were identified by their retention 
times, coinjection of standards, low resolution mass spectra and then correlated to the high 
resolution mass spectra of the total mixtures run on a C. E. C. 21-llOB mass  spectrometer with 
direct inlet a t  ion source temperatures from 150-270°C. Figure 2 i l lustrates a GLC run on the 
three fractions. In the normal fraction there is an even/odd predominance as established by 
characterization of the peaks. The labeled peaks were checked by coinjection of authentic 
standards. This same distribution is also h n d  in the summation of the high resolution mass 
spectra a t  varying ion source temperatures of each fraction. Figure 3 is an example of a summed 
high resolution m a s s  spectrum of the totals fraction. The masses a r e  plotted in methylene units 
(15). On the abscissa,  each major division marker corresponds to the saturated ion, e. g. 
CnHzn+l, with the number of carbon/hydrogen atoms given below. There a r e  14 units between 
each major division, and the number of hydrogen atoms of an unsaturated or cyclic ion is ob- 
tained simply by determining the difference from the position of the next higher saturated ion. 
The evedodd predominance of the monocarboxylic acids is also evident in the high resolution 
mass spectra of the normals and totals fraction, and can be easily discerned in the C/H 0 
and C/H 0 2  plots of Figure 3. 

The acid fraction was esterified with BF~/methanol, 



Table 1 

Organic Acids f rom t h e  Demineral ized, Exhaus t i ve l y  E x t r a c t e d  

Green R ive r  Shale 

Normal Acids 

Range Max. Conc. 

'1-'32 '16 and '24 
* 

# 
'8-'30 

* 
'8-'22 c20 Branched Acids 

# 
'8-'15 

'6 
*# 

'3-'18 D i  carboxyl  i c Ac i  ds 

Methyl ke toac i  ds 
* 

'4-'16 c1 1 

Aromati c Acids 

Aromati c Acids 

T r i  te rpeno i  d A c i  ds 

(phenyl ) 

(naphthy l  ) 

* 
'7-'15 

* 
c1 0 - 5  4 

* 
28-'3 4 

* 
determined by mass spec t romet ry  

determined f rom gas chromatograms 

c9 

'1 1 

'30 
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RESULTS 

The findings of this study a r e  listed in Table 1 and described below in the same order 
The homologous ser ies  of normal fatty acids found in the GLC ranged a s  in the introduction. 

from Cg-C30 with maxima at C16 and C24; the same was found in the high resolution mass Spectra, 
only the range was C1-C32 due to greater sensitivity. The branched acids detected ranged from 
c 8 - c ~ ~ ;  the cutoff on the GLC w a s  1215 and the major constituents were phytanic and norphytanic 
acids. These two aforementioned ser ies  were the major portion of the acid extract. The follow- 
ing series are  described in order of decreasing concentration. Dicarboxylic acids ranging from 
C3-c18 with a maximum at C6 (adipic acid) were found both in the GLC collection and high reso- 
lution mass  spectra. Even though the molecular ions of this ser ies  a r e  small, they were detect- 
able a d  further substantiated by the presence of the strong peaks due to losses of CH3O. and 
CHz=C=O (Figure 4) (16). A s ,  for example, in Figure 3 the C11 diester of Figure 4 has its molec- 
ular ion C13H2404 in the C/H 0 4  plot; the loss of CH3O. results in the peak at  C12H2103 in the 
C/H 0 3  plot and the following loss of ketene yields the peak at C10H19O2 in the C/H 0 2  plot. 
Methylketoacids were found with compositions of C4-Cl6 with the distribution maximum at C11 in 
the high resolution mass  spectra. In the GLC they were buried among the major constituents. 
Their molecular ions were of reasonable intensity and the compound identities were further sub- 
stantiated by the strong losses of CH3O. and C3&jO (13,17). To illustrate with an example, 
again referring to Figure 3, the molecular ion CllH2@3 i s  in the C/H 03 plot, loss of CH3O. 
results in the peak at C10H1702 in the C/H 0 2  plot and M-CQH~O in the peak CgH1502 also in 
the C/H 0 2  plot. 
C3H50, which corresponds to C7H120 for this example and i s  found in the C/H 0 plot. 

substituted naphthoic acids (14) were also found. The identification of these compounds is based 
on the elemental compositions of the molecular ions and their respective strong M-CH30. peaks 
in the high resolution mass spectra of the total and branched-cyclic fractions. The major peaks 
due to the aromatic acids present in the C/H 0 2  and C/H 0 plots of Figure 3 were deleted, 
since the compositions of the ions fall a t  the same nominal mass  a s  the molecular ions of the 
saturated acids and the aromatic tic mark over the peak would be misleading (there a r e  some 
aromatic ions in the C/H plot of Figure 3). The aromatic acids consisting of a substituted phenyl 
ranged from C7 (benzoic acid) to C15 with the distribution maximum a t  Cg; the bicyclic aromatic 
acids ranged from C1o (indanoic acid) to c14, the major constituent being C11 (naphthoic acid). 
A t  higher ion source temperatures in the mass spectrometer, a group of triterpenoid acid esters 
volatilized and the following molecular ions were observed in the high resolution mass spectra 
of the totals and branched-cyclic fraction: 428 (C28H4602), 442 (C30H5002), 456 (C31H5202, 
470 (C32H5402), 484 (C33H5602). 498 (C34H5802), 512 (C35H6002) and 458 (C31H5402). The 
distribution maximum was at C31H5202 and the M-CHQ. peaks were also observed. Referring 
to Figure 3, the molecular ion C31H5202 i s  found in the C/H 0 2  plot and its corresponding 
M-CH3. peak at C30H4902 in the same plot. 

The keto-acids exhibit a further characterist ic strong peak due to M-CH3O. - 

The two major ser ies  of aromatic acids, namely methyl substituted benzoic and methyl 

CONCLUSIONS 

From these findings it can be  concluded that these acids were indigenous to the shale and 
occur either trapped in the mineral-kerogen matrix, a s  metal salts ,  bound to the kerogen by 
easily hydrolyzed links, o r  possibly a combination of all  three. It was shown by Eglinton etal. 
(11) that hydrofluoric acid digestion of Green River Shale does not interconvert normal acids to 
branched acids, lending further support to the fact that these acids did not migrate into the 
shale after deposition and compaction. Furthermore,  these authors have found in  subsequent 
experiments of chromic acid oxidation of kerogen residue after demineralization and exhaustive 
extraction (18) the same types or organic acids with a few minor differences. This leads t o  the 
cozclnsioi; that these organic acid groupings a r e  bonded to me kerogcn matrix via casily oxi- 
dized functionalities, or may be occluded in the polymer interstices in the form of alkanes, 
ketones or some other oxidizable structure,  yielding the acids when liberated by the digestion 
and subsequent oxidation. For example, the triterpenoid acids found may have been trapped a s  
triterpanes rather than being bonded to the kerogen. 

This method of high resolution mass spectral  runs using increasing ion source tempera- 
tures on whole extracts i s  extremely useful, especially in experiments where the fraction is too 
small to run on a GLC-mass spectrometer combination. Further selective experiments to 
determine absolutely what happens during the kerogen oxidation a re  in progress a t  this laboratory. 
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INTRODUCTION 

During the past years, several papers have been written which have discussed the proper- 
ties of the asphaltic fraction of petroleum (5,7,10,11). These studies were carr ied out on broad 
fractions and have resulted in a proposal for an average macrostructure of the molecule (4), 
which is consistent with a variety of data. The asphaltic structure has been pictured a s  a two- 
dimensional fabric of condensed aromatic rings, short aliphatic chains, and some naphthenic 
ring structure (12). The asphaltic molecules contain, in addition to carbon and hydrogen, varying 
amounts of nitrogen, oxygen, sulfur and metal (particularly vanadium and nickel). Most of the 
hetero elements a r e  bound into ring structures since the molecules a r e  extremely resistant to 
oxidation, and detectable functional groups appear to be absent (7). The individual sheets are  
held into unit cells by associative forces, and in concentrated solution these unit cells can assoc- 
iate further to form larger  micelles (5). However, the structures of the individual sheets of the 
unit cell remain largely speculative and unexplained. 

Mass spectral examination has been previously used to visualize the aromatic sheet por- 
tion of the asphaltic molecules (4). In these studies on the asphaltene fraction it was postulated 
that under 70eV impact voltage and at  inlet temperatures exceeding 300"C, the aliphatic bonds 
might be broken, and the volatile fragment would be only the aromatic disk. If the bonds were 
not broken, and the structure were that of an aromatic sheet attached to a naphthenic net, the 
material might be expected to be so  involatile a s  not to be seen by the mass spectrograph. In 
previous work the mass  spectrum of the resin fraction (pentane soluble, propane insoluble) was 
observed to be very similar to that of the corresponding asphaltene (pentane-insoluble) fraction. 
This was taken a s  an additional indication of the similarity between the resin and asphaltene 
fractions. Since what was being seen in the mass spectrum was the aromatic portion of the 
resin molecule, which differed little from that of the corresponding asphaltene fraction, the 
difference between the resin and asphaltene molecules from the same crude oil would be only in  
the amount of the aromatic portion of the material. Also, it had been previously noted that the 
resin can be easily converted into asphaltenes by high temperature treatment (6), and at 300°C 
it would be expected that some conversion of the unsaturated naphthenic portion to the aromatic 
material might have occurred. This would, of course, make the resin fraction appear even 
more like an asphaltene. The present work is a continuation of the earlier studies (4), but with 
an improved inlet technique which permitted the resin fraction to be volatilized at lower temper- 
atures and, thus, with less  likelihood of being thermally altered. For this reason the mass 
spectra of these materials were of particular interest in  providing information about the com- 
position of the individual molecular sheets. The results of these exact mass  measurements on 
the petroleum resin fractions represent the first attempt to describe exactly the unit sheet of 
the asphaltic molecule. 

EXPERIMENTAL RESULTS 

Mass spectra of a Boscan and a Baxterville resin were obtained using an AEI MS-9 
spectrometer, equipped with a solid probe inlet system. Conditions for the measurement of this 
sample w e r e  temperature, 250-270°C; impact voltage, 70eV. For high resolution measurements, 
slits were narrowed so a s  to give a resolution of one par t  in 15,000 (10% valley definition). 

The inlet temperature i s  lower than that which was previously used. It was found possible 
to get material into the spectrometer at these lower temperatures and obtain a more reproducible 
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and a longer lasting pattern by depositing the resin onto crushed f i re  brick from benzene solution 
by allowing the benzene to evaporate, and packing the coated materia1 onto the inlet probe. Of 
course, in order to get high resolution mass measurements, a stable, reproducible, relatively 
intense spectrum is required. A t  70eV impact voltage, parent peaks a s  well a s  fragments f rom 
slightly higher mass ranges a r e  to be expected. 

The exact mass  of selected peaks in this spectrum were measured by the peak-matching 
technique using perfluoro-t-butylamine a s  the standard. Approximately 6 0  peaks within each 
envelope were measured with an estimated accuracy of +20 ppm. Although the instrument is 
capable of mass measurements with an accuracy of 5 to 6 ppm, it was realized that such-pre- 
cision could not be achieved in view of the relatively low peak intensity. The e r ror  was estimated 
by remeasuring a given peak over a period of time and noting the variation in the measured value. 

The possible molecular compositions for each peak were calculated using a computer pro- 
gram which required specification of the atom concentrations of carbon, hydrogen, nitrogen, 
oxygen and sulfur,  and the mass range. The atomic concentration of the elements was selected 
t o  give a broad range of possibilities, probably much outside practical limits; e. g . ,  this mater- 
ial has an average carbon composition of ca. 85%, which would indicate that a t  mass 400 there 
would be approximately 30 atoms of carbon per  molecule. A range of carbon between 15 and 45 
atoms per molecule was allowed for this calculation. In a similar fashion, the atom concentra- 
tion of hydrogen was  bracketed at 10 to 92, and nitrogen, oxygen and sulfur, between 0 and 5 
atoms per molecule. It should be noted that, on the average, the concentration of sulfur in these 
materials is less than 6%, which would indicate less  than 1 atom of sulfur per  molecule (at mass . 

~ 400); thus, at a limit of 5 atoms, it would seem that all reasonable possibilities would be covered. 
After the computer printed out the elemental composition possibilities, two additional tes ts  were 
applied: 1. A calculation to determine whether each peak was parent or a singly-charged frag- 
ment by use of the formula (2) R = (2C - H + N + 2)/2. 2. A calculation of the hydrogen-to- 
carbon atom ratio. If R is a whole number, the peak is a parent; i f  it is  fractional, tne peak is 
a fragment. (Sulfur and oxygen do not effect the calculation since they a r e  divalent. ) Here R is 
defined a s  the total number of rings and/or double bonds which a r e  present in a particular mole- 
cule. Since the resins have an average H/C atom ratio of 1.28, any formulations having values 
outside of the approximate range 1 to 1.6 were discarded a s  being unlikely. However, some pure 
hydrocarbon formulations were not discarded although they had low H/C values; also the limits 
were extended when the number of possibilities was small. 

The possible formulas remaining after these operations a r e  tabulated in Tables I and I1 
along with the measured exact mass, the difference between this measured mass and the formula 
mass ,  the H/C atom ratio for the particular material, and the R-value. Table I lists parent 
peaks and fragment peaks of the Baxterville resin; Table I1 contains a similar tabulation for  the 
Boscan resin. 

All peaks were mass measured from the 70eV spectrum since the intensity of the low voltage 
spectrum did not allow exact mass measurement. The doubly-charged envelope can be seen at  
mass  range 110 m/e to 220 m/e in the 70eV spectrum, showing that the fragment peaks which 
were measured at masses 250 m/e through 400 m/e a r e  singly-charged species. Also, it should 
be  noted that in the low voltage spectrum the most intense peaks appear, in general, at odd mass 
numbers. 

Figure 1 shows a low (lOeV) and high (70eV) impact voltage spectrum of the Boscan resin. 

DISCUSSION 

Work on the micro structure of the asphaltic materials involves the same two lines of 
attack that were used and are being used on the macro structure. These a r e  to: 1. Carry out 
information gathering experiments, the results of which will be used to postulate possibilities 
for the structures. 2. Devise experiments which will confirm or  deny these postulations. The 
exact mass measurement of some peaks in the resin fractions of the asphaltic material really 
fall into both categories. 

Some average structures for asphaltic materials have been written (3,12) which utilize 
the results of NMR, elemental analyses, infrared measurements, etc. Therefore, an exact 
mass  measurement can confirm the presence of postulated structures. In fact, the aromatic 
portion of the postulated structures could be  rationalized a s  the type of formulation indicated by 
the mass  spectra. 

Equally important, however, is the exact mass measurement of given peaks which allows 
u s  to eliminate some possible structures and to determine that a t  a given molecular weight there 
is a limited number of structure possibilities. Many molecular compositions which were the- 
oretically possible on the basis of molecular weight have been eliminated: 1. Because of their 
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variance from the allowed H/C atom ratio. 2. Because of the content of an excessive amount of 
hetero elements. In a material with an average of less than one atom of oxygen, nitrogen and 
sulfur per molecule, it would be unusual to find a portion which contained, in addition to four 
nitrogens, a variety of sulfur and oxygen groups. 
of peaks with excess hetero elements was that any peak containing more than six hetero elements 
was discarded. An exception was made for peaks which contained not more than three of one 
element, e. g. , N3O2S2 or  N2O2S3 were saved, but N303S2 was discarded. If four of the hetero 
elements (e. g. , three N and one S) were part of the metal ligand, it would seem likely that one 
o r  two hetero atoms could be found elsewhere in the molecule. Although none of these peaks can 
be unequivocally identified a s  porphyrin, such substances a r e  seen in concentrated fractions (1). 
Table 111 lists all of the elemental combinations possible after consideration of only mass measure- 
ment and H/C ratio. The disposition of each possibility is indicated. 

Peaks which were chosen for measure- 
ment in the mass spectra were, of course, the ones that stood out most from the background. It 
i s  interesting that there  is  not a 14 mass difference in large peaks through the entire mass scale, 
This confirms the postulation that there a re  very few long paraffinic chains. If the breaking of 
a paraffinic chain were  one of the features of the degradation of an asphaltic molecule, one would 
expect to find a ser ies  of peaks differing by the mass equivalent of a CH2 group a s  was found for 
pure alkyl substituted polynuclear aromatics or  naphthenics. Peaks which differ by 32 mass 
units in a ser ies  a r e  also not seen, which indicates that there is little loss of polymeric sulfur. 
In mass spectra run in these laboratories on asphaltic materials to which polymeric sulfur has 
been added, the spectra always show peaks differing by 32 mass units. These observations con- 
f i rm previous postulations that hetero elements a re ,  in  general, bound in the r ing structure. 

Mass spectra run on model compounds both in these laboratories on alkyl polynuclear 
aromatics and work reported by Grubb and Meyerson (8) on alkyl substituted benzenes have shown 
that in substituted conjugated aromatic systems most fragment peaks a r e  formed by either 01 or  p 
elimination with the latter predominant. In the case of methyl substituted aromatics, the pre- 
dominant fragment peak is (A-CHz)+. The fragment peaks (Tables I and 11) do, in  fact, contain 
many structure possibilities which a r e  only one mass  unit removed from a peak in  the parent 
listing. As substitution increases (A-CH2-R, -R', -R") a combination of a and p cleavage re- 
sults in the same predominant fragment (A-CHz)+. Fragments formed in this fashion should have 
little aliphatic substitution and, therefore, a high R-value. Perhaps, several more of the peaks 
might have been eliminated (e. g. , mass number 269.1335 in Table I ,  the C14H2105 compound 
containing only four rings per  molecule i s  much more unlikely than either of the other two possi- 
bilities). 
leaving the hydrocarbon a s  the most likely constituents. Also, i t  i s  probable that the fragments 
a r e  largely devoid of side chains, and it is observed that the hetero element distribution varies 
little between the parent and fragment peaks (Tables IV and V). 
that the hetero elements a r e  most probably in the rings. Tables IV and V ignore the atom con- 
centrations of C and H, which vary greatly, and consolidate the different combinations of hetero 
elements in the resins for ease of comparison of parent with fragment composition. 

and fragment peaks could well be an indication of the polymeric nature of these materials. The 
parents would be unpolymerized monomers similar to the components of the polymerized higher 
molecular weights species. 

measured shows the most intense peaks to have odd mass numbers, indicating an odd number of 
nitrogens present. The presence of an odd number of nitrogens was not used as a criterion for 
eliminating parent peaks in the tables; however, it is consistent with the independent observation 
from EPR examination that some of the ligands to vanadium present in the asphaltic materials 
may be composed of three nitrogens and another hetero element (probably oxygen or sulfur) 
rather thm fonr nitrogcns a s  found iil the case of porpiiyrill (3j. 

If a more accurate mass  measurement could be made, many more of these peaks could 
be eliminated; therefore, this work is at a very preliminary stage; and a study of introduction 
techniques which will introduce more material into the instrument and allow more accurate 
measurements is being undertaken. 

Therefore, the criterion used for elimination 

Several observations from the data a r e  possible. 

Further, a t  mass number 277.1938 both of the f i rs t  two possibilities might be eliminated 

These a r e  further indications 

The similarity between the R-values and the hetero element composition for the parent 

AS previously noted, the low voltage spectrum in  the range of peaks that were mass 
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